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SULMARY

A detailed theoretical and experimental study of the concept of
using spherical implosions as the driving mechanism for producing projectiles
dith velocities of the order of 50,000 feet per second hastbin made. Experi-
mental results which include launchings of 0.22 and 0.312 inch diameter, one
caliber, magnesium and polyethelene projectiles, up to velocities of 17,000
feet per second verify the validity of the implosion driving concept.although
discrep~ces still exist in the magnitude of the predicted and Lneas-ured

velocities. The pr'-sent-performance limit is dictated by apparatus limitations
and is not representative of the ultimate performance limit for implosion
drivers. Theoretically, velocities in the 50,000 to 100,000 feet per second
regime are possible provided the projectiles can withstand the acceleration
profi, -. ,Calculations are included which indicate the feasibility of accelerat-
ing 1 inch diameter projectiles, 1 caliber long (p = 1.0 g/cc) to 50,000 feet
per second in a larger launcher having a 30 inch diameter hemispherical chamber
and a 1.0 inch liner of exDlosive.

The theoretical work shows the dynamics of the waves in the chamber
is predictable from modified classical implosion theory. A theoretical model
of an implosion in a sphere is made with which the conditions inside the sphere
can be calculated. A detailed examination of the results of three numerical
experiments is made and the properties of the resulting wave phenomena deter-
mined. A comparison of the theory, numerical experiments and some actual mea-
surements in a hemispherical chamber show that the theoretical predictions of
conditions inside the hemisphere agree reasonably well with the numerical and
experimental results.

An approximate model of the dynamics of the flow and the pro-
jectile in the barrel is formulated and performance is calculated using a
numerical code which takes into account the effects of friction, counter
pressure, time v.riation of the conditions at the origin of the hemisphere.
A comparison of the predicted and measured performance shows that most of the
effects of the various initial conditions and o:-erazing parameters are pre-
dicted. However a much more rigorous analysis will be required to obtain more
accurate values of projectile velocity.

The instantaneous and uniform ignition of the explosive liner
used to drive the implosion is shown to be a crucial part of the implosion
driving concept. The results )f a st-udy undertaken to determine the explosive
materials and conditions that can be used for generating the implosion are
presented and show that several explosive materials, including several PETN
formulations, lead azide, nitrocellulose and combinations of these have pro-
perties that make thein amenable to initiation by an impinging gaseous detona-
tion wave. 'Some of these are rejected for safety reasons. Experiments were
made which prove, conclusively that symmetric spherical implosions can be pro-
duced by using gaseous detonation waves at moderate p:,essures to initiate safe,
secondary, solid explosives.'
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NOTATION

a .ound speed

a acceleration

Ce elastic wave speed

C capacitance

Cp specific leat at constant pressure

Cv specific heat at constant volume

d explosive thickness

d projectile diameter

D detonation velocity

Df, denominator of V relation, Eq. (2.70)

e specific internal energy

E elastic modulus

Ea reaction energy

Etotal total energy

Ev energy per unit volume

EC energy per unit surface area

f fraction burned

f similarity quantity representing pressure

fs coefficient of sliding friction

F similarity quantity representing pressure
(Latter' s notation)

F force

g chemical reaction rate

h specific static enthalpy

K factor in artifical viscosity relation, Eq. (2.56)

K(7) constant in implosion time relation, Eq. (2.105)

L barrel length
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m mass

Mf flow Mach number

Ms shock Mach number

n reaction order

n ratio of pea pressure to yield stress

N cycle number

Nf zeros term of f' relation, Eq. (2.72)

p pressure

q artificial viscosity

Q energy release or addition

r radius or distance coordinate

normalized radius or distance coordinate

Ro  chamber radius

R resistance

9universal gas constant

S detonation wave velocity - density slope

s specific entropy

t time

t explosive thickness

t non-dimensionalized implosion time

T temperature

u velocity

us  shock velocity

v specific volume

V similarity parameter from Sedov

W explosive weight

x distance coordinate
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a = +l-Y-1

a time constant in pressure decay

Y ratio of specific heats

Ye isentropic exponent

deflection

6 exponent of radial variation of pressure

C energy per unit volume

?similarity variable representing density

similarity variable representing particle velocity

similarity variable representing distance

1yield stress

E decay factor

w exponent on spacial variation of density

E a small quantity

p density

p.Poisson's ratio

V spacial index ( = 1, plane coordinates; = 2, cylindrical
coordinates; = 3 spherical coordinates)

V collision rate

A ratio of internal energy to total energy

(O cycle time integral

T characteristic time

ignition delay parameter

, Sg gravitational potential

7 s characteristic explosion radius

ratio of internal energy to kinetic energy
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SubscriDta

cyc cycle

c singular or critical value

D detonation state

E explosion state

exact exact value

exp explosion phase

i initial conditions

i inner radius

imp implosion phase

inbound conditions left by imploding shock

incub incubation

max maximum

o outer radius

orig conditions at the origin or origin .one

outbound conditions immediately behind reflected imploding shcck

p projectile

p1 plastic flow

R reflected shock

S shock front

z zero condition

conditions at t. or r*1 reference conditions

1 conditions ahead of a moving normal shock

2 conditions immediately behind a moving normal shock

5 conditions behind a reflected normal shock

Cconditions at asymptote

( )'represents differentiation with respect to q
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1. INTRODUCTION

The hypervelocity launcher, because of its ability to accelerate
a known aerodynamic shape to an accurately known velocity in a variety of
atmospheres and conditions in a ballistics range, has been used successfully
for many years in the investigation of hypersonic phenomena. Data obtained
from ranges has increased our knowledge in the areas of hypersonic aerothermo-
dynamics, vehicle stability, wake structure, radiative and convective heat
transfer and impact phenomena. In some of these areas, the area of applicability
of the ballistics range overlaps those of other aerothermodynamic simulation
devices such as shock tubes and shock tunnels, enabling independent checks
to be made of the various date and phenomena. The t allistics range is uniquely
qualified for hypervelocity impact research and as such hFs been particularly
useful in dealing with meteorite impact in space flight applications and i's
military counterpart in anti-missile defence problems. No small effort has
been expended to increase the velocity capability of these devices. Propellant
driven guns, which were the first to be used, were limited to valocities of the
order of 8,000 to 10,000 feet per second by the low escape speeds of the pro-
pellant gases.1 Later, they were superseded by the light-gas gun technique of
Crozier and Hume2 which produced velocities of up to 15,000 to 20,000 feet per
second for projectiles weighing a few grams. At present multiple-stage light-
gas guns, using the "accelerated reservoir" technique of Curtiss3 can produce
velocities up to about 35,000 feet per second4,5 for projectles weighing
45 milligrams. Heavier projectiles can be launched, but at correspondingly lower
velocities. The present state of the art can be described by the mass-velocity
limit shown in Fig. 1, which is taken from a very recent survey by Lukasiewiczg.

Although numerous schemes and techniques including explosive
driving7 , electrical driving,8,9,10 electromagnetic driving1 I and augmentation 1 2  [
have been suggested to further increase the projectile velocity, to date (March
1967),35,000 feet per second for a 0.05 gram projectile is about the upper limit
of present technology.

13
It should be noted that some laboratories have produced copper

jet sprays of up ty 100 kilometers per second (328,000 feet per second) and
Wenzel and Gehring -4 of General Motors have succeeded in accelerating fragments
weighing from 0.08 to 0.31 grams up to from 45,600 to 54,100 feet per second
using shaped charges. In the present work, the discussion will be restricted
to those devices which accelerate predetermined and known aerodynamic shapes
to accurately me';sured velocities. "Fragment accelerators" will be excluded
fiom 2'e discussion, as they do not represent "true" guns, using this defini-
tion.

The "performance barrier" is unfortmnate since velocities of
interest for many space-research problems extend presently up to 60,000 feet
per second,15 and the area of interest is expected to increase in the forseeable
future. Indeed for meteorite impact work, velocities if 200,000 feet per second
are currently of importance. While the latter velocity may not be obtained in
the immediate future, it appeara that 50,000 to 60,000 feet per second velocity
regime can be reached by using the spherical-implosion technique.

The principle problems of extending the velocity limit are chat
the pressures and temperatures that can be produced and contained in a laboratory
apparatus and the accelerations that projectiles can withstand are limited.

1



In 1959, Prof. I. I. Glass of the Institute for Aerospacq6Studies suggested a
method for overcoming the pressure and temperature limit' by using explosive-
driven spherical i-.plosion waves instead of the planar waves, which are the
basis for most of the existing launchers. Not only are the peak pressures
and temperatures considerably higher (infinite at the origin in the ideal case)
than the one-dimensional case, but they act over smaller interior regions that
have limited contact with the containing walls hence are somewhat easier to
contain and control. The high pressures and temperatures of an implosion-
driven device are transient by nature and aggravate an already serious pro-
jectile integrity problem, but as will be shown subsequently, are of sufficient
duration to produce hypervelocities for projectiles of practical interest.

The basic construction and the principle of operation of the
implosion driven launcher are shown in Figs. 2 and 3 which are respectively, a
diagramatic view of the implosion-driven launcher and a schematic of the various
phases in the operating cycle.

The implosion-driven hypervelocity launcher consists essentially
of a hemispherical cavity in a massive metal block. A barrel is placed such that
the entrance to the barrel is coincident with the oriain of the hemisphere.
The interior of the hemispherical surface is coated with a thin layer of explo-
sive; a diaphragm and projectile is positioned at the entrance to the barrel;
and the remainder of the hemispherical cavity is filled with a-combustable
mixture of oxygen and hydrogen. The gaseous mixture is ignited at the origin
with sufficient violence to generate a detonation wave in the gas (Fig. 3a).
The detonation wave propagatea outward spherically and reflects fror. the surface
of the explosive igrit4_.-g it instantaneously and uniformly over the entire
surface, generating b_ ,xplosi ",-driven, imploding shock wave (Fig. 3b). This
shock wave converge3s on the o' win monotonically increasing in strength as it
approaches the origin. On reflection (Fig. 3c) it leaves a very high-temperature,
high-pressure region which bursts the diaphragm and acts on the base of the pro-
jectile, accelerating it along the barrel.

While the concept sounds straight-forward, it has in fact required
great effort to bring it to the point of practical reality. In the years since
1959, much background work has had to go into translating this concept into a
workable, practical device, 17 especially since it encompasses areas of gas
dynamics that have not been the subject of much research. The technical pro-
blems of producing a stabi , uniform, imploding wave are manifold involving a
number of discrete research areas, such as spherical wave dynamics, spherical
detonation waves, shock initiation of axplosives, wave stability as well as the
more mundane problems of the physical strength of the apparatus under shock
loading and very high pressures. The key technical problem for the implosion
was that of the initiation of the explosive. If an explosive cannot be made to
detonate instantaneously and uniformly, then little hope can be held for generat-
ing a symmetric implosion. Accordingly, much effort went into solving this
particular problem. The results now show that the ignition, by the impingement
of gaseous detonation waves, is both possible and practical and that there are
several explosive materials which will detonate when gaseous detonation waves
of moderate pressures, collide with them.

2



In the subsequent sections a review and discussion is made of
the applicable gasdynamics, wave interactions and the classical self-similar
theory for imploding shocks. A model is then developed of the dynamics of an
"implosion in a sphere" and coupled to the ballistics problem and the gasdynamies
of the gas In the gun barrel. The anticipated performance of the implosion
driven gun is then calculated and a comparison with the measured performance
made. The model is used further for optimization purposes and an assessment
of the feasibility of larger and/or higher velocity guns. In Sec. 4 the results
of the one-dimensional, explosive-initiation studies are presented and discussed
and the apparatus and operating procedures are detailed. In the remaining
sections the launcher facility, the apparatus and operating procedures are
enumerated and the present state of the art discussed and recommendations made

for future work.

2. THEORETICAL CONSIDERATIONS

In this section the theory on which the implosion-driven hyper-
velocity launcher is based is developed. In Sec. 2.1 the salient features of
plane one-dimensional waves are reviewed with a view towards the limiting
behavior in the strong shock case. The similar solution for exploding shocks
made possible by the assumption of strong shocks as given by Taylor and Sedov
is discussed in Sec. 2.2. Using this as a basis the classical similar solution
for the imploding shock is discussed in Sec. 2.3, and numerical solutions
presented for values of ratio of specific heats not previously published.
Values of the exponent of the variation of pressure with radius are also given. In
Sec. 2.4 a model of an "implosion in a sphere" based on classical implosion
theory is made and examined. This is followed in Sec. 2.5 by a detailed
examination of the results of a set of three numerical experiments and a com-
parison of the results with the implosion in a sphere model.

2.1 Review of Planar Nonstationary Waves

Although the important features of the implosion driven launcher
are dictated primarily by the spherical waves and their dynamics inside the
chamber, a short discussion of planar waves is in order since many of the boundary
conditions are given by plane-wave considerations. Furthermore locally, a
spherical wave can be treated as a plane phenomena. This is true for both an
exploding wave, the reflection of the exploding wave from a wall and for an
imploding wave, but not for the reflection of an imploding wave at the origin
(see Sec. 2.5.4). However, in this last case there are certain similarities
between the reflection of a spherically imploding wave at the origin and the
reflection of a plane wave from a plane surface in that they both have an
asymptotic behavior for the strong shock case. Since the properties of planar
waves will be referred to repeatedly in the derivations and discussions to
follow, it was felt advisable to review their most important properties.

Starting with the basic premises of the conservation of mass,
momentum, and energy and for the assumption of an ideal (inviscid, non heat-
conducting, thermally and calorically perfect) gas with no body forces, the
conservation equations for the planar case can be written1

(mass) + 7- (pu) = 0 (2.1)

3



(momentum) (2.2)

energy+ u = (2.3)

These three fundamental equations can be manipulated into a form which gives
the ratios of the conditions across a moving plane shock, in terms of a nondimen-
sional shock velocity, or shock Mach numbers, Ms = a

The static pressure ratio p2/pl is given by

P2 2 Ms2 _ (2.4)
p 1 y -

The static temperature ratio T2 /TI is

T2= T2  = [zz:2) (M2l1) + M 5 2J( 1 (M 21) + 1]i- (2.5)

The density ratio P2/Pl is

P2 = 7 + 1 (2.6)P,, 21 Y-,, + 2Ms

and the particle velocity u2 is

u2 = 2 (M i ~(2.7)
a 1  Y+l (MS M 5

where y = Cp/Cv

These equations van also be written in terms other tha. Ms, for example, in

terms of the shock pressure ratio P21, the shock temperature may be written
1 -1P2

,21 +- P2l (2.)T21 P21 7-1 +

7+1 P21

Many of these alternate forms can be found in Refs. 19, 20 and 21., to mention
a few.

Much of the difficulty and challenge of gasdynamics comes from
the non-linear behavior of Eqs. (2.4) through (2.7) with shock wave vclocity.
However, for Ms >> 1 these relations take on a much simpler form. The
shock wave static pressure ratio P21 " equation (2.4), reduces to

Ms2 (2.9)
21 7+1



The shock static temperature ratio T21 Eq. (2.5) reduces to
.. "T21 .: 2s1

The density ratio p 21 reduces to a constant which is given by

721 (2.11)P21" 7-1

the particle velocity behind the shock simplifies to

2
a - - Ms (2.12)

or 2
-2 ~ + . Us (2.13)

and the flow Math number behind the saock becomes

7(7-1)(2.14)

These simpler forms will make possible the similar solutions for the implod-
ing and exploding spherical shocks. Note that the constants in Eqs. (2.9)
through (2.14) are a function only of the ratio of specific heats y.

While 1 < y < 1.67 iscommonly found in gasdynamics problems
(7-+ 1 for heavy molecules such as SF6 , which has 15 vibrational degrees of
freedom), explosive products and gases at very high densities often behave as
if 7 _ 3, corresponding to a single degree of freedom. The behavior of these
relations with 7 can be seen from Fig. 4. They are tabulated for convenience
in Table 1. Note for y < 2, the flow immediately behind a strong shock is
supersonic. For 7 = 2 it is just sonic and for 7 > 2 it is subsonic.

From the same cited references (19, 20, 21) the properties
across a reflected plane shock, in the ideal case, are shown to take the form:

for the reflected shock static pressure ratio pS/p2

P5  a + +p 2  ' (2.15)52 + 1P2

for the reflected shock static temperature ratio T5/T 2

Tp5 = 2  (a + p 52 )  (2.16)
F_ =52 1 + a p2 '

2 52

and for the reflected shock density ratio P5/P2

P5 1 + 52 (2.17)
P2 P52 pC + P52



L here 7+

Again, for the assumption that MS >> 1 i.e. p >> 1 or conversely h 0
the non linear behavior disappears and the ratios become constants ch
depend only on the ratio of specific heats 7, and are independent of any other
parameter. For example 37"1 (2.18)

P52 7-1

5 _-_ (2.19)P52 7Y-i

T ~ 3Y-l (2.20)
52 7

Equations (2.18) through (2.20) are plotted for 1 < 7 < 3 in Fig. 5 and are
tabulated in Table 1.

Cordining Eqs. (2.9) through (2.13) with equations (2.18)
through (2.20) respectively, the pressure, temperature and density jumps as
seen by the reflecting surface are determined to be

P5 = P 52P2 (2.21)

T = T ' 2(7-1)(3,-1) M 2 (2.22)
51 52' 21 (7+1)2 s

(7+)(2.23)PSI P52P21 (7.)2

These limiting relations are plotted in Fig. 6.and tabulated in Table.l.
It is of interest to note that for all of the limiting cases

Pi Pi Ti (2.24)
p~ P iT~

i.e., the perfect gas law is not violated, as must of course be the case.

From the figures, the following behavior can be noted. The reflected shock
ratios take on possible values

4 < p52 < c

3 < p < oo For 3 > Y > i. (2.25)

2- 52-

8> T5 ;> 2

The total jumps as seen at the reflecting surface take on
values

6
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531

6 < =-J < 00

T52> TS-

It should be noted that the variation of the pressure with 7 is opposite to
the variation of temperature Vith ' i.e., y effects which tend to increase i
the pressure tend to decrease the temperature and vice versa. In launchers as
in shock tubes both high temperatures and high pressures are required for high
performance hence generally an optimun can be found for a given set of initial I
conditions.

All of tbL.: xoove are derived for the assumption of a perfect
gas. For most cases of 111'actical interest the pressures and temperatures will
be such that real gas effects will produce deviations from the conditions pre-
iicted by perfect gas theory. The complexity of the chemistry involved requires
each case to be considered on its oin merits and the use of numerical Dro-
cedures and machine computation to calculate shock jump properties is usually
dictated. Tables and graphs for a wide range of conditions are available forboth air22 ,2 3 and many other gaes d~rteo codtosae-vial o

gases. Further many laboratories have extensive
unpublished data on other gases:. At present several organizations, notably
AVCO-Research and Advanced Dei lopment Laboratory have computer codes which
can produce extensive shock wave data from basic thermodynamic data of a given
gas. In principle then, shock tables can be made available for any gas or
mixtures of gases provided the basic thermodynamic data is known.

While no general correction to the perfect gas results can be
made a few qualitative reuarks are possible. As the gas in question is excited
by energetic collisions, it behaves initially as if it were utilizing addition-
al degrees of freedom. The qualitative behavior can be noted by observing the
effect of a decrease in y , that is to say, pressures and densities generally
increase and temperatures decrease. If the shock is so strong as to cause
complete dissociation and ionization of the gas, it begins to behave as a mona-
tomic gas, with a y of 5/3. As the intent of this study + produce an under-
standing of the basic ideas of the implosion-driven proce Li, the real gas
problem will not be *iscussed in any detail in order that the simple ideal
properties of the i, plosion dynamics should not be obscured by the complex
chemistry.

2.2 Review of Spherical Explosions

"phericall exploding and imploding shock wave phenomena may De
readily found in nature, v Man-made spherical explosions came into existance
essentiall. Ko-th the invention of gunpowder. However it was not until the large
scale a-plication of science to warfare in World War II and the resulting atomic
bomb ,.at a concerted effort was made to understand the gasdynami:cs of intense
spherical explosions. Prior to World War II the understanding of spherical
shocks produced by explosives was essentially on a pragmatic basis.

7



The general problem of a finite source explosion is sufficiently
complicated by the non-linearity of the system of equations even with the
simplifying assumption of a perfect gas that computing machines and numerical
methods are required for solution. While numerical results are very useful
for a specific case, they lack the generality desirable to understand the
problem in its entirety. However the simplification made possible by the
assumption of an ideal, point source (i.e., massless) explosion makes possible
analytic solutions and allows insight into the general problem of explosions.

2.2.1. Classical Point Source Explosion

Three researchers, Taylor26,27 Sedov28 and von Neumann2 9,
independantly and nearly simultaneously obtained solutions for an ideal point
explosion in a gas. Sedov's elegant method of solution is somewhat abstract,
but analytic, hence exact. Taylor's is such that the physics of the problem
remains clear throughout the mathematical manipulations although he resorted
finally to a numerical solution. Von Neumann's solution has the advantage that
it is analytic and also retains physical clarity. He also provides extensive
relations to facilitate the use of the solutions in practicel problems. Taylor's
approach will be followed in the discussion below as a similar approach will
be used in the numerical solution of the implosion problem.

The classical point source explosion solution is based on three
assumptions, 1) the resulting blast shock is strong, 2) the pressure immediately
behind the shock varies inversely as the shock front radius cubed and 3) the
profiles of the physical quantities behind the front are self-similar. The
first assumption, that of the strong shock, replaces the complete shock wave
relations with their limiting relations, as discussed in Sec. 2.1. It shouldbe noted that were it not for this simplification, a similarity solution would
not be possible. The second assumption i.e., that the shock pressure varies
as r-3 comes essentially from a dimensional argument which notes that, when
the energy originally in the quiescent gas is negligible by comparison , the
total energy contained in the region behind the blast wave is constant only if
p - r-3 . For powers less than or greater than 3, energy is being either added
or removed continuously with time. The third assumption is that the self-
similar quantities f, cp and ?P, representing pressure, particle velocity and
density, do exist. These quantities are assumed initially and the mathematical
manipulations seek to show their existance and to finally evaluate them as
functions of the nondimensional radius I

Consider the equations of conservation of mass, momentum and
energy which for a perfect inviscid gas can be written for the spherical case

+ 2- 2 0 (2.27)'Ft aK r t2Or

+ u - (2.28)

= 0 (2.29)

8
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Equation (2.29) is the "particle isentropic" equation which is valid in the
interior region bounded by the blast wave, since shock and other entropy pro-
ducing mechanismsare assumed absent in that region; aside from the initial
variable entropy production by the blast wave. It states that the flow along
a given particle path is isentropic although the entropy changes from path to
path. The pressure, density and particle velocity behind the shock consistant
with the three assumptions are assumed to obey the following

pressure = f (ir 3  (2.30)
p1  1

density P-- = (i) (2.31)Pl

particle = pl( )r (2.32)
velocity s

where (2.33)
rs

and fl, 7P and @l are the similarity quantities for pressure, density and
particle velocity, respectively. Taking the necessary derivatives, substituting
these into Eqs. (2.27), (2.28) and (2.29) and replacing fl and Pl by their non-
dimensional equivalents, f and (P, reduces the set of non-linear, partial
differential equations to the following set of ordinary differential equations
in the three similarity quantities f, ?P, and (p

3 , f'

(@- +(pn)pI + -=0 (2.34)

+ ((P-n) t' + = 0 (2.35)

3f + (p-n)f' f ((p-n) = 0 (2.36)

The only other quantity which appears is y. These three equations must now be
integrated to obtain f(j), q() and *(I).

Taylor26 noted that the system could be manipulated to yield
the derivatives in a manner that allows step by step numerical integration
starting for example, at the shock Pront. The derivatives written in this
form aref 06 22) 2

f 3 2 L (2.37)

(q-n)
2 

-

3
-P (2.38)

(P-T

9



:11= (2.39)

The three required boundary conditions fixed by the shock relations require
that
t 

f(l) 2y 
(2.4o)

7.+1

- 7+1 (2.41)
7-1

2 (2.42)
7+1

It is a result, rather than a boundary condition of Taylor's solution that
CP(O) = 0, i.e., the velocity vanishes at the origin. This condition must be
satisfied if the solution is to nave any physical significance. While in
principle, one of the above boundary conditions could have been deleted and
q'(o) = 0 substituted in its place, the resulting numerical computations would
have become unnecessarily complicated, requiring an iterative procedure on (P.
It should be noted that there are no singularities in this system in the region
0 < q < 1 and that the equations can be integrated numerically without difficulty.
Thi integral that expresses the energy contained within the blast sphere, pro-
vided the energy in the quiescent gas is negligible, is

) + T2 2d) (2.43)

is bounded, and the history of the blast is determined by two constants Eo and
Po, where Eo is the total energy liberated in the blast and po the undisturbed
density field. Some typical self-similar results are shown plotted in Fig. 7
and show the effect of y on the resulting profiles. It can be seen from the
figure that the pressure is highest, immediately behind the shock front and
that initially it decays as I decreases and then leveling off, remains approxi-
mately constant at a non zero value as T -+ 0. The decay is most rapid for
the largest y's which also have the highest origin pressures. The particle
velocity varies in an almost linear fashion from the shock front to the origin
and vanishes at that point. The density approaches zero a short distance
behind t3 shock for small values of y , but for y= 3 extends to I = 0. The
gas engulfed by the shock is entrained in a relatively thin region behind the

shock front, and swept along with it. As will be seen subsequently, this gen-
eral type of behavior has similarities in the implosion case.

10



2.2.2 Analytic Solutions

Since the publication of the numerical solution to the point

source explosion by G.I. Taylor, three independent, different, yet equlvalent,
analytic solutions have been published by Latter30 , J.L. Taylor31 and Sedov26 .

Sedov's solation actually predates these two solutions but did not become
available in the West until 1959, with the translation of Sedov's book,
"Similarity and Dimensional Methods in Mechanics." Sedov's exact solutions
have the virtue that all the similarity quantities are given in an explicit,

although algebraically unwieldy form through a parameter V and include v = 1,2
and 3 cases. Latter ana J.L. Taylor's solutions for the spherical case are
much simpler algebraically, although the similarity quantities are available
only in an implicit form, hence still require numerical methods to obtain
f(n),cp(n), n(n) directly. Harris has obtained the equivalent solution for
v = 1. Lin 5 published a numei al solution forv = 2 in 1954.

Sedov' s Solution
28

Sedov's solutions take the following form, (the connection be-

tween Sedov's notation and G.I. Taylor's notation is indicated):

L_-=u n12 v2) = 4 l V Lr (2.44)
U 2 r

s s

Ps 7+1 [YLl -2 VJ-l - 2 V2

x (2+v)(y+lg - 2 [2 + v(-l)]( - ( 5

2

2+V +

p +1 f &v+2)(7+l) V] F+l v.... .+
p5  2y 4 [7-1 V-2 v/

[(v+2)(y+l) - 2 [2 + v(7-l)] 2.
(l'+)(7l) , 2+~9 ,)1 (2.46)

Where the parameter V is given by

-P

=[(v+)Y.tj V] 2+v [i ((-) _a V )]

+1 -2Q + ~(-) 2 + v(7-l) V 1  (2.47)
v+2)17+1) -2 L2 + )-1 2

ll)



and the exponents C's are given by

'- (Y+2) [ 2v(2-(248cz = • v7-1) y,(v.2) -

1-

% = 25 7, (2.48)

ai(v+2)
CC4 =  2-7

2a5 = -

While explicit in u, p and p at least in terms of V the complexity of these

relations rules out further substitution of the~e equations into other equations.

Latters Solution3 0

Latter's analytic solution results from manipulating Eqs. (2.34)

through (2.36) into a form that can be integrated directly. He obtained for
p, an implicit function of I

_Zz

D b+ 1372 - 7Y+12  (2.49)

11 q 3-l

f and (P can be obtained from the simultaneous solution of

f2)
fq' + (p) (1.-+ (ZP2 ) + c =0 (2.50)

and
2 -n) f -a (2.51)

a, b and c are constants that can be evaluated by applying the boundary con-
ditions at the shock front. c is found to be zero. It was obtained in the
original paper by requiring cp(0) to vanish in Eq. (2.49). It could also

have been obtained by taking m(l) = 2/(7+l). The two are directly equivalent,
i.e. taking cp(O) = 0 will result in (P(l) = 2/k7+l) and visa versa. In this
case, unlike Taylor's numerical solution, there is no particular virtue in

applying one rather than the other. However, it is not a fourth boundary
condition as has been stated erroneously at times in the literature. It
should also be pointed out that Latter uses a slightly different notation than
doeq Taylor. The F of the former (Latter) is related to the f of the latter

12



(G.I. Taylor), by
F (2.52)

J.L. Taylor's solutions31 , which was published at the same time
as Latter's, is essentially the same, the only different being a matter of
notation.

2.2.3 Numerical Solutions of Finite Source Explosions

The pumerinal sotutions for finite source explosions, of which
the works of Brode34,35,36,37,38 are noteworthy examples, require the intro-
duction of an "artificial viscosity", using the method of von Neumann and
Richtmyer3 9 in order to smooth out the discontinuity at the shock front and
to make it amenable to the finite difference technique. With the viscosity
term included, the conservation equations for the spherically symmetric case
in Eulerian coordinates take the form

30

u u u = Ii ( )2 53~U+U U1 ~(2.53)

6(2.54)

where q, the artificial viscosity, is given by

q 2 K2 pr27 ( ®r T) (2.56

K is an adjustable, multiplicative factor which increases or decreases the
effect of the viscosity. The form of the term in brackets is such that for
6u/6r > 0 the viscosity vanishes. In regions where the wave is spreading
naturally, for example, in the rarefaction region behind the blast wave, 6u/6t
is positive, q = 0 and the equations reduce to their inviscid form. In
compression regions, for example in the shock, the artificial viscosity terms
are retained to prevent the wave from steepening and becoming discontinuous.
One might expect that the Taylor similarity solution would hold behind the
shock, even for cases where viscosity is included. This is not borne out.
Latter 30 has obtained similarity solutions for the entire flow field, both
upstream and downstream of the shock, for cases where viscosity is retained.
The sclutions for the region behind the shock, where q = 0, were obtained
analytically as noted in Section 2.2.2. The solutions for the compression
region through the shock was obtained numerically. Latter found that the
inclusion of viscosity effects the entire flow field, including the region
behind the shock, but that Taylor's solution is obtained, in the limit as
q - O. Not only are the shock jump conditions altered but also the expansion
ccnditions. While the difference is striking at unreasonably large values of
the viscosity parameter K, it is important to note that for small vAlues of K,
the difference between Taylor's solution and Latter's solution is not signifi-
cant.

13



l essure and density profiles firom spherical explosions for

several values, of K are shown in FIg. -that the scale 'f the distance
cordinate-n the outside of the shock is. different from that -o the inside
in 6rder to clariffy .he iscdsity effects, which are seen to be 'ighificant.

e d yprvfi!e, 6r.), behi'Ad, the shock front remains essentially unchanged
for the range of'K considered but for K = 0.349 a peak in density appears

ahead of the' shock front giVing erroneous values forthe 'shock ddnsity. ratio. The
presswe profiles are also alteied by the artificial viscosity, the pressures
geheral 'iy increasir* as K increases resulting in -erroneous, values for both
the ghock>pressure ratio andthe pressure ratio across the expaiision. While
the l'aiget values ofK shown,, gives erxors 6f factors of 2 or ihore, for the

smallest value of K shown, the error is accept-ble. Although n.5t shown, the
effect on velocity is similar 6xcept that the velocity profile Tis depressed,
with increasing K. The pint 6ade 'by this important work is that -while the
artificial viscosity techfii [e makes it possible to solve the eJquations using
finite differeiice techniques, care must b6 exer-cised in selecting the "size" of
the viscosiky coefficient lest too large a d6efficient affect ihe validity of
the results.

Comparison ofSbme Solutions

It is instructive to compare some of the results of numerical
and classical' solutions With the experiments as it allows the merits and
limitaion6 of each to be assessed., Showin in'Fig. 9, which is taken from
Glass,4O is a plot of the overpressure versus the characteristic radius, 2t,
for several different explosions; I) a numerical point source explosion in
perfect air ('y = 1.4)38/, 2) a numerical point source explosion in real air,3

8

3}'the classical self simila sjlution for y - 1.4 2 b 4) a numerical hot
-sphere finite souiue exolosion3O 5).a numerical finite source T explosion

and 6) data fromtanuclear explosion -.

The numerical point source explosions should not be confused
withthe classical self-similar solution. For these numerical calculations,
the energy was added at a point and numerical techniques werei used to calculate

the resulting flow. in the relevant atmosphere, using the exact equations.
However,at high overpressures the classical self-similar solution and the point
source ekplosion are for perfect air indistinguishable. As the shock over-
pressure decreases on expansion, the classical and the numerical point source
solutionsdiverg6, as the assumptions made to obtain the classical solution
begin' to baeak down: the shock is becoming weak P2/Pl - 10, the initial
pressure ahead of the shodk is becoming significant (equivalently, the energy
content of .undisturbed fluid, is becoming significant) and the profiles, as
shownt in the inserted figures, are no longer self-similar, The numerical
solutions ultimately become sound waves which decay as r- . The numerical point
source solution for real-gas air is slightly weaker than the perfect-gas air
because energy is used up exciting various internal energy modes of the gas.

The finite source explosions behave much the same as the
numerical point explosions, except at high pressures, where the pressures
generally fall below the i2eal curves. 'he difference depends on the particular
source considered. The hot sphere case (T = 386,000 OK, p = 20,O00 atm),
follows the ideal curve for overpressures less than p - 3 x l0 atm. The hot
sphere calculation also shows the effect of secondary shocks which, generated
in the initial expansion, implode on the origin, reflect and overtaking the
main blast wave, strengthen it. The T explosion shows that finite source
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efects for this case extend to much lower piessures. It does not reach the
ideal curve until Ap, - 10. The data. from the nuclear tests 'show, that the& hot
gas sphere is. a good representation of this tyPe of explosion.

dlearly the classical solution is limited in its application
but is a good approximation whenever the ,blast wave is strong.

2.2.4 Related Ekplosioh Problems

iThe- classical point- source explosion pr6blem as treated by
Taylor, von Neumann and ged6v, is in fact a special case of a more general
explosion problem, aLbeit that this special case is of more interest. The
initial conditions in the unshocked gas ahead of the blast wave, in-'the Taylor-
vonNeumah-Sedov prblem are

=P 0
p 0

p =0 (2.57)

u=0

In the completely general case, the gas conditions ahead of the blast wave
would be known, but arbitrary functions. While the author is not aware of
any published attempts at this most general case (its ihteest would be rather
limited) there have been ia number of other special cases, that have: been examined
and found to yield self.-similar flows. Sedov, for example, has examined the
case where the initial conditions are

p = const r
-

p = 0 (2.58)

where, w may take either positive or negative values. fe found that the, re-
sulting flow is, self-similar. Complete results are given in Ref. 28.

42
Schindler has investigated the problem where the initial

conditions are

p = const r-3

P = const r-2 (2.59)

u=0
-l

4= const r
q

where, c is the gravitational potential. The flow quantities, which were
self similar, were obtained formally but not explicitly. However, the varia-
tion of shock conditions with radius was obtained and found to be

p = const r S

p = const r-2  (2.60)
1

u = const r"2

The literature contains a few other special cases, for example, variable
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density, cohditions Telated to the change in density through the earth' s, atmos,
phere.

A barticUlarily, important case frioia the point of' view of the.
implosion, launcher at least, is the ex1bsion (i.e.,. reflected, implosion) in a
gas ."where the fhitial conditions are,

.1 p = const r

u =- const r- /2 (2.61)
p = const

6 =60

The, author ,knows of no-:published solution for this case. This, is uhfortunate
since its solution would be of considerable value in the understanding of th6
conditions left at the origin by the reflected imploslion- This case is pre-
sently being, considered and it is expected that a report covering its solution
will be forthcoming in the very near future.

2.3 Simi~lar Solutions for Spherical Implosions

An implosion retains many of the essential features of an
explosion,, including the comprt 6son of the gas ,and the setting of it in .motion
in the diiection of the shock. The-wain difference is that the shock is ,pro-
pagating toward, thei origin with ever increasing strength, rather than away
fr6m it in ever decieasing strength as was the situation in the explosion case,
Values of 1L which are now of interest are in the range 1 < _ rather than
0 < . < 1. The same three assumptions 'that were made in the explosion case
will, also yield a similar solution for the implosion, except that unlike the
case of explosion, only a numerical solution is available at present for the
implo.ion.

The system of equations to be solved has exactly the same form
as the explosion system, only that the coefficients of a few of the terms change
to reflect the fact that the rate of change of the pressure and particle velocity
with radius for an implosion is not the same as for an explosion. Specifically
the system ,of equations to be solved is

cpq+ (Q-n)cp + =0 (2.62)

+ (p-n)W' + (v-l) - = 0 (2.63)

- 6f + (p-n)f' - yf ' (- = 0 (2.64)

which may be compared with Eqs. (2.34) through (2.36). The same boundary con-
ditions at the shock apply. Further for an explosion

6 V , (2.65)
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which comes from the requirement that

-6 (2o66')11

but. roi; an implosion, it has- been found that

6 - 6(v,y) / v - (2.67) f
The classic work of demonstrating this particular poilit was done- by Gpuderley ,

who used a series expaision technique for representin;, the flow near the-origin
-nd found the resulting f-tow to be Self similar. He .'Iso obtained 6 for y r 1.4
for both spherical and cylindrical cases, by numerical means. Stanyhikovich
noted in Ref. 44 that he and Landau obtained a, numeri6.&l solution for the

spherical implosion problem in 1944, however, the orijiinal reference was not
given. He gives values of 6i for 7 = 1.0, 1.4, 3.0 and,- . Unfortunately only
a single significant figure is igivenm so a detailed ,c6iidarison with the values
of others is not -possible. Subsequently other valus ,6f 6 for other-cases
and gammas have be6n obtained numerically by Butler 4 5  for y.= 1.2, 1.4 and
1.67 and Aiken, ,for Y - 1.67. Very recently Welsh has recomputed Buter's
results and investigated the -existence and uniqueness -of hi 96lutions. He
also calculated Z for = 3.0. These values are compiled in Table. 2.

Although no complete analytic solutions foi- spherical implosions
has been obtained to date, progress i being made in this directiofi at this
laboratory. One general equation relating q , f and .* has been obtained,, which
includes the cases v = 1,2,3 for boh implosions and explosions. This equation,
the first -of a-,set of three which define the complete analytic solution isv-i - v/ l-C 6

.) -f -- 6 = const. (2.68)

It reduces identically to Latter's result (Eq. 2'.51)' for 6 = v = 3. The diffi-
culty in obtaining the other two seems to lie in the energy equation, which in r
its conventional form diverges because a similar solution exists for an im-
plosion only for infinite energy input. Recall ,that explosions-have a finite
energy input. IrApl6sions, bymcontras,, do nt have a finite energy condition.

Partial numerical solutions were available for two cases of
interest. For example, for Y = 5/3 cylindric and spherical results have
been published by Somoni, Linhart and Knoepfel and Aiken4 6 and7' = 7/5 by
Guderley 3. However, the published data do not include much of the detailed
information required for this present study.

it was necessary for the present problem to obtain additional
details for the known cases and to obtain numerical solutions for other values
of y particularly y > 1.67, which as stated previously corresponds to ex-
plosive products at high densities, and for values of y near unity which corre-
spond to products of combustion of oxygen and hydrogen. Somon noted that a
singularity existed in the range 1 < I < - which made it difficult to obtain
the similarity functions by conventional numerical means. For example, for
6= 6exact + c the numerical. -code produced one branch of a solution which was

non physical, see Fig. 10 . For 6 = 6exact - E another branch of a solution
was obtained which was also non-physical. For 6 = 6exact, in principle a

solution could be obtained. On a computing machine, which of necessity must
give only an approximation to some value, this last point is not trivial and
6 must be known with considerable precision to obtain the correct solutions
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for the -sikilarity functions. The precision requied is primarily a fuinct on
of' step ,size, smalIler step size requiring more p~recision in 5 .For a step
size-of' i-of 'O1~ 4hich Vas used herej;-0.1 percent accuracy ~or better is
required td6 produce accurate solutions for-1 '.~ Y' 3., Somon managed to pro-
gram his. routine_ to integrate through -the singularity although no details are
glven e6xcept.-to note it requird"considerable effort". As, a sidetresult; he
obtaified 'a, numerical -value of 6 for' the case -in qjuesti6n, -He, reasoiied. tiat
the valu6 obtained wais thie correct oiie because of' the uniqueness of the.

-It w:il be shown below, that from an anlysis of the singular
behavior of the implosion equations, an upper limit on S can be- obtained,
which is helpfiul in locating a predise value.

2.3.1 Behavior of.the Equations -tear the Singularity

*The difficulty with the integration is due to a ~singularity
in the equation for V.

f - + qP[6 +7 ((Y .l) 2!?)

-. Qpn 2  f (2.69)

which occurs in the range 1 < n~ _ . 'Since the., other derivative , (p' and ?P',
can be written in -terms of f'AnyAdivergence in V automaticallyrproduces
divergence in them as well. Th6 6quation for fV has two zeros cor~responding
to points where the numerator vanishes 'and one singul~.rity corre~ponding to

the ~ ~ 6 poh hete eoinator vanishes. The denominator vanishes for

D V ~ ) f 0 (2.76)

'which is sati4sfied for /\

~c %± ~(2.71)

where the subscr~fpt c refers to the value at the singularity. Since (Pc 1
and lIc> 1 for implosions, only the plus. sign has physical significance. The
numerator vanishes for

-f 6 + PI~ [6 + (V-.l)~ -Y - (V-l>'cp 2 = 0 (2.72)

Solving for yields

z 26 + (v-l)7 - 2~ . ( +(V 27.~) (2.73

where the subscript zl,2 refers -to the first and se...ond zero respectively
since generally both zeros occur in the range 1 < _ c

An upper bound on 6 can be specified by requiring the two zeros
of Eq. (2.73) to be coincident. This results in an analytic expression for
6 max (v)y) i.e.,
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=2(v-l)y 1
Smax y2 (21 2 -74)

or inversely in terms of Et
1 1

for 6 > 6max, the equation has no real zeroes hence a physical solution, is not
possible.

It is of interest to note that the expression, for 6 contains

afactor (v-i), which for this bound at least, gives values of 6 ln-the
spherical case (v-1 = 2) exactly twice the values of 6 in the cylindrical case
(y-1 = 1). This point has long bcen suspected, as the ratio of the numerically,
obtained 6's is "'ery nearly equal to two. Further for the one dimensionalcase (v-i = 0), ie. '6 0. This requirement makes the sh;ck strength a-con-

stanti independent of r, a result which can be derived b3- other meang, 6ft6 can
speculate that this (v-f) factor will also appear in? the exa6t eiPression for
6 if such is ever obtained. It is also worth noting, that if an analytic
expression existed for the implosion problem i.e.,. q:<(i), f = f(j), and
i ?(j) then an exact value for 6 is ?ossible- in principle,, requiring only
the direct substitution 'of these relpitidfis into Eqs. (2.71). and'(2.73).

In Fig. 11 the behavior of f' for values,,of nea the exact
value, for 7,Z 2, are shownto indicate the cause of the divergence for the
apprbximate Value of' 6 . .It can also be seen from the figure that for y = 2,
6 > 6ex.ct that no singularities or zeros occur. A numerical procedure was
made which, while integrating the equations from I = 1 toward q = -noted.the
values of i 2or which 'the poles and zeros occurred and corrected the value of
6. and repeated the integration starting at ' = 1 until the pole and zero
coincided to within A: < .001. '6 ax' as discussed above, was-used to aid in
the iteration. The results of suc a calculation Are Shown in Fig. 12 ahd P
tabulated in Table. 2. From the figure it cdi 'be seen that in the region
near Y = 2 the upper bound and the exact numerical values are very close andat
7 = 2, they coincide, (y = 2 has only one zero so for this point the analyticrepresentation is exact)' Hence, for 1.6 < 7 < 2.3, the analytic relation
for 6- can be used as a good approximation to 6. From the table, one notes

that e early value reported by Guderley is very precise, considering that it
was probably done by hand. All of the other values, except Stanyukovich,
were obtained using computing machines, and agree among themselves 'to very high
precision. The single 'xception is Stanyukovich's value for 7 = i which at
0.7, disagrees markedly with the vanishing value determined from the present
work, but does appear to agree with the present value of 6max• It.should be
pointed out that "rounding off" errors in the present machine program does I
introduce an uncertainty in the values of 6 for 7 < 1.2. However, a complete
reversal of the trend with 7 would be required to obtain Stanyukovich's value,
an unlikely possibility.

A piecewise numerical representation of the present numerical

results, which is good within 1.0 percent is

6 A(y-l)m

where, A = 1.000, m = 0.234 1.6 < 7 < 2.0 (2.76)
A = 1.Oj5, m = 0.296 1.2 < y < 1.6

A = 1.080, m = 0.323 1.1 < y< 1.2
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2.3.2 TlYamerical ,Solutions of -the Classicaslmplosion Problem

With prdise -values of, 6 evailable- for awide range of y,
numricai- solution fr fr, q and f. ,could now be calculatedi using the method
Taylor applied to the explosioh problem. 'For example, 'knowing the values at

J, -fro" t'heo shock'coiiditiois, Eqs. (2.40)-through (2.4k) and rearranging
kqs. (.62), through,(2.64) to obtain the derivativesexplicitly:

6q + "+ ( )'
.... .2i (2.77)

6 ff ,= - - (2.,78)

(P q) -

the numerieal integration could proceed from the shock front toward q •

A numerical code<utilizing the above was written, using a stLp size of 0.001
for < 3, and',pr'o ressively larger values'foi q _> 3. This step size was
arrived at as a piactical comprmise entailing computing tiue consi'derations
and accuracy after trying a ran eof values. The results ar. plotted in-Figs.

13, 14, 15, 16 and 17 'for values of y -- 1.2, ,.4, 1.67, 2.O,, and 3.0 respectively,
for V 3- The values for y = 1.2, 1.4, 2.0 and 3.0 -have not been pubiished
previously. Cmplete graphicalnd tabular results for an enie range of
y is expected to be published in the near future.

the properties of, the implosion wave can be seen clearly from
the igures. The conditions at q -- 1 are fixud by the shock jump requirements
(Eqs. '2,,4o 2.41, and 2.42). Initially the pressure behind the shock increases
as ._increases, then-decreases to asymptotically approach the value

f = f ( 6) I (2.8o)

For values of gamma nearest unity, the increase in the pressure behind theimploding .A aye is greatest, decreasing as gamma increases. For 7' ' 2.57 the

slope of thepressure profile at the shock has vanished i.e., ft(l) = 0 and
fory>,2.57, f'(1) < 0, hence the pressure begins to decrease immediately
behind the shock with no peaking. The velocitY behaves in a somewhat analogous

fashion, except for the peaking, decreasing monotonically as I increases. As
I becomes large, p asymptotically approaches the value

= ( ) (-6/2 (2.81)

The density, contrary to the explosion case, incresses, behind the shock for
all values of y less than infinity, approach, as q -)

= 41(7) (2.82)

Note that not only does V1 -c as 7 -lI , but also A -c as 7 - 1. Values
of f ,u and cp are plotted as functions of the ratio of specific heats in
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Fig. 18 and are tabulated for cofivenienc6 in Table 3. The only other Valaes,
of these quantities that hbave been publisbed Are Value, of ?P ,0 for '-670

from Ref. 48 aiid for 7, = i, 1.4, 3 and 6 from'Ref. 44, which are include&in

Table 3. They are.essentially in agreement with the present results, with
the- exceptio -of Sta yuko ich' s valhe for 7= l, ihich as noted previously also
gave a different value for . He obtained, 7i(x)/I(l) - 2.,72.- The present
workgives t( )I (i)= -I

Anw important feature of implosi6ns is- that the thermal and, kin -

etic energy per uNit volume ;after a tr arisient r'gion', 'decreases aim This
rate of decrease with I is not sufficient- to,-make the- total energy, which is
'giVefi- by

1

bounded, hence i;a total energy Can be specified in the clagsical implosion,
proklhm, unlike the classical explosion: problem which contains a -fixed ajmount
of energy. The ratioof internal energy to kinetic energy between the shock
front and a shell at is given,,by

47-£ 7 n~l 2dn, :
47- -- (2.84)

ij 2 r 2 dq

This ratio starts at the shock front with a value
19

? = 1 for =i (2.85)s

for all values of the ratio,of specific heats and all values of v since it is
essential-ly a consequence of equipartition of energy behind the) shock and-
because of the asymptotic behavior of f, 7P and c , which dominates the integral
and negates the contribution near the shock front, the ratio approaches a
constant as I -_

= ( for i -* (2.86)
00 2 (M6

The ratio of internal energy to total energy is a quantity which will be of
use later. It is given by

A -(2.87)

Because N increases from unity to asymptotically approach ? as the integration
proceeds from I = I to i = , A also has the same behavior going from A = 0.5
at the shock front to A (Y) as I - o . Which value to use in a particular
problem will depend on whether T is clearly large , In which case !, is dintated
or if rm is known, as a function of r say, in which case A based on ? from

Eq. (2.83"is to be preferred.
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2 Implosion. in-a Sphere
- " In ;he preceding sctions t has been shown'that the self-

'similar implosion problem is solved in thei sense that th6 self-similar flow'pr Perties -are kno'wn .for all implosions. While these self.-similar solutThns
are. veryr helpful in giving insight into the implosion phase of the problem,
th6re are many additional features of the particular pr6blem of an implosion
ingide-'a sphere, which are not available from the classical solution. For
example ,tfhe classical solution shows that the velocity vanishes at infinity,.
For the implosion.in a spherfe, the velocity must vanish at the wall. Further,

while, 'the lassical solution does not permit ;a limit on the total energy, the
totAl 6hegkyfor an implosion in'ia sphere is both fixed and finite. The dy-
namics of any driving gas, for instance the products of detonati'on of theexplo-

sive 'for' the- 'case-at -hand, which are driving the implosion, are not accounted for
expbicily., Also, the later history, such as the reflection from the origin,
the re'flection from the sphere, wall and subsequent cycling, are not available
f~omthe classical theory inlits present form. Of all the limitations bf the
classical impl6sion, it is ,f elt that the infinite total energy is the most

serious.. and 'ah effort to, account for this in an approximate way is made in
Sec. 2.4.1. , '

An effort has been made by the autfr 'to obtain an exact self-
simi.ar solution fbr 'an implosion in a sphere, as yet unsuccessfully. The
main task is to find ananalytic representation for the "finiteness" of the
implosion which would ,al.Low the reduction of the nonlinear partial differential
equations' t ordinary differential ecjiations. To date none has been found,
although a nu6ber of different functions have ,been tried. While it cannot be
stated conclusively that ,a self-similar solution does not exist, the ppssibility
of existance of a 6olution does not look too promising at this time.

In the following section, an attempt will be made to construct
a model which approximates the character cf' zar implosion in a sphere by account-
ing for the finite-energy input, while retaining a self-similar-like character
for the flow. This model will then be examined to obtain as much useful
information as possible, particularly as it pertains to the launcher problem,
as well as to'determine the limits of the models usefulness. The results will
be 'compared with the results of numerical experiments for several cases of
implosions in spheres. The agreement will be seen to be generally satisfying
although several points are not treated rigorously.

2.4.1 A Model of an implosion in a Spheree

Consider the case of a sphere of radius Ro containing a gas at
rest. On the inside surface of the sphere is assumed to be released, uniformly
and instantaneously, an amount of energy Etotal, or an amount of energy per
unit volume of sphere Ev, where Ev and Etotal are related simply by

Etotal (2.88)Ev : 7--_ 3
7r Ro

The energy originally contained in the gas at rest is assumed negligible com-
pared with Etotal. In Sec. 2.3.2 it was noted that the total energy per unit
volume behind the imploding shock approaches a value given by const x (r/rs) "°

or r/rs large. It is assumed for this model that the energy per unit volume
distribution behind the imploding shock is given by
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" E peak (2.89)

where Epjak is just th value of the energy immediately behind ,the shock fr6ht.
Thib is equivalent to tking, the pressure, particle velocity and densi'ty dis-
.tributions given by Eqs. -(2,80),, (2.81)-and (2.82)..

We :ask, .,what. are the absolute values of the energy -profile behind
the .shock as the shock implodes toward origin? Conservation of energy -re-
quires that this energy distribution, integrated ovek the entire spherical
volume, be equal to Etotal, that is to say:

4, E r2dr = Etotai.= Ev 7 0  (2.90)

S .

By straightforward integration the peak energy density is determined to be:

3-6 Etotal .':s/ 0 ,91
peak = 1,7 3  1 -s)3-9

Or E (r/R )-(.

peak 3- Ev , o3 I.(rs/Ro)3-6 
(.2

(In passing, note that if this had been done for an arbitrary value .of v
there would have been obtained instead

v- 6 _(r s_/R%)_ 
"

Ea-k - E (293)

It follows that the energy profile at any position r, for rs < r < Rog is

=36E -6/,)(ro) r~
E rs  r < R (2.94)3 1. (rs/Ro) 3-6 -< -

Equation (2.92) has singularities at r = 0, ind Ro and a minimum at

rsn= (, ('2.95)

The behavior of Eqs. (2.92) and (2.94) with r and 6 can be seen ini Figs. 19
and 20 where they are plotted for 6 = O, 1 and 2, in linear coordinates and
log coordinates respectivel.y. It can be seen from the figures that the
assumed profile has a very strong influence on the magnitude and shape of the
peak energy curve. The peak values increase as the profile becomes more
peaked i.e., as 6 becomes larger. It can also be seen that relatively low
values of peak energy are obtained during the wide "mid"-region when r - Ro/2,
and that the highest values of energy are concentrated at the sphere surface
and in a relatively small region r/Ro - 0.1, around the origin. While the
logarithmic plot shows clearly the asymptotic behavior of the peak energy
density, the linear plot is included to show graphically the very limited
region over which the high energy densities exist.
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However,, pressure rather than energy is the quantity of interest.
In Sec. 2.3.-2'it wavibown that 'the ratio of internal energy to total energyfor sef~s, !r~is 6~aproahesa constant A for V49o If a

ca16ric-'Quati,_o of state is assumed i.e.,

where e it  s the internal energy per unit mass, and combining Eqs. (2.87),
(294) -na (2,96), the pressure can now be expressed ifi terms of r and ri for
the initial conditions R and Etotai (or Ev)

(r/R 0
5  (2.97)

3 .- l l-(rs/Ro) 3 "6

It f6l1ows that the shock pressure as a function of shock position is

-6

pS = (7-1) 33- (r/- 0  (2.98)3 1-(r s/R 0)3-Vj

Knowing the shock pressure as a function of position, it is
possible to determine' the time required for the shock to move from r = Ro to
r = 0. Assuming a strong shock, Eq. '(2.9), and using the definition of Ms,
the peak pressure and shock Velocity2 are related by:

Ps 2 a2 (2.99)
' Y +l USa 1

Combining Eqs. (2.98) and (2.99) to eliminate Ps, gives

Us _ L A Ev 3-6 (rs/°) (2.100)
'2 al2  P1  1(rs/Ro)3-

But
dr
st = Us(rs)

(2.101)
or

drs
s. = dt

Combining Eqs. (2.100) and (2.101) and integrating, the time reqfired to reach
a point r is given by

r = - L ap (rs/Ro) 3 - dr
t ' [(7-1)(Y+l) A 1Y 3-6 (sR)

RJ 2 y p1  3 (2.102)
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hence the implosion phase time, timp,, is given by

timp= a, (7i) (T-i)( F  v (

where 1 {(D(6) (1-t 3" t6} at (2.163)

and r
1=S

R
0

4)(6) is tabulated in Table 7 and plotted in Fig. 21. It is seen
to take values between 0.4 and- 0.6 for values of 6 of c6mmon interest. It is
also worthwhile to determine

it {Q.( 0_6) t')}d
-o __ (2.104),

(D(6)

for values of to since this gives the details of trajectory in the non-
dimensionai r-t plane. Equation (2.104) is plotted in-Fig. 22' for Y = 1.1 and

3. Note that there is very little difference between these twd curves. 'The
slope of the curves vanishes at r/Ro 1 indicatiig infinit&vel6ocity at the

sphere surface. The imploding shock wave then slows down and tf:averses most
of the sphere at nearly constant velocity, increasing in velocity again as
r/Ro ->0, reaching the origin with infinite velocity. As a rough approximation,
a linear fit i.e., r = Kt, could be assumed for most of the trajectory.

Since the array of constants inside the square root bracket of
Eq. (2.103) are essentially all functions of y , which is held fixed for any
given calculation, they could be lumped together in a single constant, simplify-
ing the time for implosion expression to:

2

timp = K(7Y 0 (2.105)

where

K(7) 2 3---6 ( (2.106)

If the problem under consideration is such that a single value of y is suffic-
ient to characterize the entire flow then values of K(y) shown in Fig. 23, can
be used. They show that K(1) decreases with increasing 7 and is singular at
y = 1. The values of K(7) calculated lie in a straight line when plotted in
logarithmic coordinates. The curve

K(y) = 0.795 (7-1) -0 "7 57 (2.107)
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can be used to fit the calculated points with good precision. (For some pro-

blems, as will be discussed in the next section, a ingle value of does not
characterize the problem and Eq. (2.106) is no longe1 applicable.)

Before leaving this section, the limitations of this' nodel
should be pointed out. By assuming that the limiting -similarity pi 6files
hold, the details of the flow immediately behind the shock front 're obscured.
M6re importantly the three conservation equations are violated there, hence it
should be clear that this. is not a 'rigorous model. Further the finite velocity
at the sphere surface has not been accounted for. Initially, when the shock
front has propagated only a small-distanc6 from the sphere wall, the error
from this' source will be very lrge~- since the high pressures in this region
imply high particle velbcity at the sphere surface, which is physically
unacceptable, (except for special cases like detonating explosive liners),.
Later, as 'he shockfapproaches the origin region, this error will decrease
considb6jl~ybut will remain finite. The only justification in allowing these
,physical inclnsistancies, is that to remove them would require discarding the
model., However, the region of prime interest, i.e., near the origin, will be
least affect!d by these limitations. It is felt that to discard the results

obtained from the model because of these faults, would be d mistake, especially
when, asvwill be seen in the next section, this model gives very good predict-

ions for cycle time, trajectories and peak pressures and particularly, since
ther6 is nothing better to replace it with at present, It is hoped that
further work on the implosio- in a sphere prqblem will subsequently improve
this situation.

2.5 Numerical Experiments of Implosions in Spheres

It was recognized early in the program that fairly extensive
numerical experiments would have to be performed to provide the details of the
dynamics of the flow inside the sphere, particularly since there existed at
that time, no body of knowledge either theoretical or experimental for explo-
sive driven implosions in a sphere. Dr. H.L. Brode of the Rand Corporation,
who has made many significant contributions in the field of numerical calcu-
lations of finite source explosions using detailed equation of states, was
contacted and agreed to do several implosion calculations based on parameters
thought to be representative at that time. His numerical scheme is very
comprehensive and complex bu; in its essentials, integrates numerically a set of
finite difference equations derived from the non-linear partial differential
equations of mass, momentum, and energy in Lagrangian form. These are 31435

1 ad8r
m ass: 1 r v (2.108)

momentum: U= r2 (p+q) (2.109)

energy: = - (p+q) ' + Q (2 110)

where,
ar

u=

1 p, Ro3

m 
0
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and A is the initial position 6f the Lagrangian -surface, ith an equatioh-of
state,

e= e(T v) p =P(T,v) (2.1)
or p =(pv) T -('ey)

subject to prescribed boundary conditions. Implosions and eixlosions can be
handled with equal ease with his code. The discontinuities at the shock or
detonation wave fronts are 'smoothed out and made amenable to finite difference
calculations by using the artifical viscosity technique of von Neumann and
Richtmeyer39 .

Detailed calculations for three cases coveiing a spectrum of
values of parameters were, done. They include the following: Case 1. This
case is the most representative of the prototype in terms of gas initial pressures
and explosive yield:. A .sphere of radius 207 centimeters was assumed filled with
a mixture of 2H2+02+7He at 100 psi and lined with a 0.1 inch laker of TNT. A
gamma law gas was assumed with-y = 1.67. A real gas calczulatioMrfor this mix-
ture at 100 psi gives y = 1.26 for conditions immediately behind ,the detonation

hwave , hence care must be taken in the interpretation of the results especially
for phenomena where gamma effects are pr6nounced. The equation 6±f state for
the gas was taken as

E = 19.5495 T

p = 13.033 T/v
where T is in 104 °Klvin

v is in cm3/gram (2.112)

p is in 1010 ergs/cm
3

E is in 1010 ergs/gram

A detonation wave velocity of 2.70 mm/psec was programmed. It is ' 30 per-
cent lower than the accepted real gas value (3.'87 mm/psec).5 0  The TNT liner
was assumed to have a density of 1.5 grams/cc. The numerical representation

taken for the explosive was

_ 7.73 x 1l-,3T5E = 7 OT + 1200 T
8.5 x 10"+ T

p 2.556 +T 5  aiT i
v 0-4+ 0.141 T5

= 1.4966(2.113)

where a 1.14966
0
a1 = 10.9575

a2 = -288.237

a3 = 2343.39

a4 = -7799.83

a5 = 9236.55

where, E, T, P and v are in the same units as in the gas equation of state.

This relation follows somewhat the TNT calculations of Jones and Miller5 1 with
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modifications.37 A detofiition wave Velocity of 7.2 mm/psec was programmed and
an energy yield of' 4.6037x 1010 ergs/gram (l.695 --cal/gram) was asiumed Out-
put details are available from the instant of initiation at the origin through
bne complete chamber cycle but termihate two output cycles after implosion,
as shown schematically in Fig. 24. This was unfortunate since the conditions
tthe '6'igin, -after the implosion, are those which determine the launcher per-

formance. Hence,. while the'chamber processes are available in considerable
detail, the complete outputs, necessary for cdmputing launcher performance are
not. It is necessdry to assume that the same type of behavior after implosion
holds for this case., as was obtained for the other two cases. In short this
cas is anlaccuriie explosive model witi. a gamma iaw gas model, for a representa-
tiVe, iniiJ7 pressure. The radius chosen is a factor of two larg~r than the
present prototype. Case 2K. A $Vhere of radius, 20 -centimeters was assumed
filled qith a st6ichiometric mixture of hydrogen &id oxygen atl0O psia and
lined with a O.l inch layer of COMP B, which is. the 'acc~pted nomenclature for
a. 66 /40 mixiiure o' RDX/TAT: The equation of state taken for the gas was
\ekssentially an extrapolation of the real gas calulations of' effatt 5 2 . The
Jnumerical representation used was

974.o(pv)e4 3 3
E =6.57P. + 140P V - .101 x Ln - 3

140.O + v0 l.013xlO3

- 0.2325 x 10"  (2.14)

where,  -a = 0 for- -pv < 1.0465

= 8600 pV - 9000 for 1.0465 < pv< 3.488

= 21.0 x 1O3  for 3.488 < pv

Temperature was not calculated, but presumably -could be- -obtaihed from other
staie variables. A detonation wave velocity of 2.7 mm/psec was programmed
which arees reasonably well with the accepted Value of 2.9 mm/psec.50 The
density of the explosive liner was taken as 1.5 grams/cc. The numerical re-
presentation of the equation of state for COMP B was taken as

P 0.01 + 1.77 P4 ') PE

T= pE (2.115)

lOx 345.23 +
91.14+x

3

where
x l0(v-o.4)

A detonation wave velocity in the explosive of 8.0 millimeters per micro second
was programmed and an energy yield of 4.13 x 1010 ergs/gram (0.989 kcal/gram)
was assumed. In short, this was an accurate gas and explosive model for a gas
loading, higher than what is presently anticipated and with a chamber radius a
factor of two larger than the prototype.

Detailed results are available from the instant of ignition
through one complete cycle, through the collision of the reflected imploding
wave with the contact surface and the subsequent implosion of the wave reflected
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from that collision, or nearly two complete cycles. Case63. A sphere-of
radius 10 cm. zwas assumed filled with a mixture of a: gamma law gas (& = 5/3)
The composition was assumed to- be 2H2 +O2+0He and-ah equation of stateidehtibal
with that used in Case 1, was used. No explqsive was programmed.

Detailed results are availaible from a time, slightly after the
reflection of the outward propagating spherical detonation wave with the spherical-
surface, through areflection at the- origin, to after the reflection from the
spherical surface a second time- ad propagation to r " . 25 Ro, i.e., in- all, a
little less than one and one-half complete cycles. Less detailed gilaphical re-
sults- for a few parameters are available for several cycles.

The initial conditions for these three cases are sumiarized in
Table 5 and the range-0f the outputs are shown-,schematically in Fig. 24. The
output consists of 466 pages of computer-printed material including, at fixed
instants of time, the following quantities: cell position, veloc ity, mass,
internal energy, temperature (except for the gas in case 2), density, pressure,
kinetic energy, an artificial viscosity parameter as well as a number of
indicies concerned with the internal machinations of the prograi such as
stability conditions etc.

The results of these three cases, which can accurately be called
"numerical exleriments", contain a very large--amount of useful and r~vealing-

information and have been of inestimable value in the understanding of the
wave processes inside the chamber. These results will now be examined in de-
tail, starting with the general trajectories, then progressing through the
character at the explosive-metal ifiterface, the implosion phase and its subse-
quent reflection and the conditions left at the origin by the reflected im-
plosion wave, to-uncover the physical principles governing the behavior of the
waves.

It is very important to keep in mind in the discussions that
follow, the fact that the artificial viscosity technique was used in the cal-
culation of these numerical results. Its inclusion, while making the results
possible, introducer a spreading out of the steep fronts, and a subsequent
reduction of peak quantities. It is imperative to keep these points in mind

in order that phenomena which can be properliy classified as "computational
effects" can be separated from the true physics of the problem.

2.5.1 Phases of the Implosion Driving Cycle

In order to obtain a suitable perspective, the various phases
of the implosion driving cycle will first be examined in the large. Consider
Fig. 25, which is a plot of the major wave front locations as a function of time
as obtained from the numerical printout for the simplest case, Case 3 - the
gas case. A gaseous detonation wave, denoted by D, which was initiated at the
origin, propagates outward and reflects from the sphere wall at r = 10 cm. An
imploding shock wave denoted by Sim then propagates toward the origin, increas-
ing in strength and velocity as noted by the curvature of the trajectory near
the origin. It then reflects and propagates outward as an exploding shock
denoted by Sexp. The shock subsequently continues reflecting and imploding
ad infinitum until dissi.pated. The character of the cycles is very clear for
this case as, unlike the explosive driven cases, only one gas is present in
the chamber.
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Consider next the TILe d riven case - Case !, shown in Fig. 26.
The trajectbries are ,somewhat similar to the last case, except that, the exp±6-
sive-dkiven, inipo0ding shock, as evidence by its greater Velocity, is very
much stronger. Further, a contact surface separatig the driven gas from -the
products of detonation o, the ekplosive, now-appears. It is of interest to
note, that to a very good approximation, the contact surface is moving at
nearly, constant velocity.

'The first 'of many "comptational effects" is seen in this figure.
It appears that the explosive deto6nates about 9 microseconds prior to the
ai'rival -of the gasecus det6nation wave at the explosive surface, which is
physically impossible. In the calculations, it was assumed that the d etona-
tion wave in the explosive initiated after a threshold pressure was reached
at the explo~ive-gas surface, The detonatlon wave then propagated toward the
wall at constant velocity. Plotted in the figures as the "detonation wave
location" are the loci of the maximum pressure points of the gaseous detona'zion
wave. As the artificiel viscosity spreads the peak out over several zones,
the pressure profile actually extends several centimeters ahead of the maximum
pressure lccation° The threshold pressure Cnosen was such that the reflection
of the leadifig edge of the wave was sufficient to reach it,hence the detonation
wave in the explosive initiates prior to the arrival of the peak of the gaseous
detonation wave, in retrospect it would have been better to have had a higher
threshold pressure to .prbduce a more realistic timing. However the pressures
generated at the explosiv& gas inter-face were not known, a priori, and a low
enough value was chosen to nsure that the calculation of the detonation wave
would pr'oceed. it should be carefully noted, that this is a computational effect
and has no resemblance to -the physical situation in a real case. Il will be
shown in fact, in Sec. 4, that Just the reverse happens. The gaseous detona-
tion wave reflects from the explosive and begins propagating toward the origin.
After a delay, of typically several microseconds, the explosive detonates.

The -detonation wave then propagates through the explosive and colliding with
the chamber wall, reflects as a shock. moves back through the expanding gas
products and overtakes the shock that is being driven ahead of the explosive
products. This occurs in a time scale. small enough that the details would be
obscurred here. in practice, one can assume nearly instantaneous initiation
of the detonation wave with little error. The combined shock wave then
propagates toward the center decaying first as the finite energy of the explo-
sive requires r- decay and then increases in strength and. velocity as the
shock ways becomes truly a spherical implosion wave. Reflecting from the
origin, iu moves into a strong counter flow. The calculations were terminated
shortly after reflection for this case so the details of the subsequent flow
are unknown.

Plotted in Fig. 27 are the results of Case 2 (1000 si - COMP B).
For this case the calculations were extended in time and the details of the
later flow are evident. The reflected implosion wave propagates outward to-
ward the wall, but collides with the contact surface, which has been follow-
ing the imploaina shock. This collision generates a transmitted wave, which
continues toward the wall, and a reflected wave, w-ich returns to the origin.
Another wave whose origin is not clear also appears in the flow. Whether
this wave is a "computational effect" or a physical fact cannot be determined
from the present data. It should be noted that "computational effects" are
evident at the time of the initiation of t:".e explosive as before, and at the
intersection of the reflected shock and the contact surface in that the two
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"pea" ne vr adil'. I. V Id also .be note , th , r the bulk of its
tra$ qrY, t1e cfntit pur.ago Moves &tft early consta~ qlocity. From one
p tat a? A^ tlh inierio ; 4s 4n e bexplosive driven c4 is being driven by
a nea/'1.r e~ns t v*aocity, dhp625ieq&ly im.lo4ing ?istbn, .a. will, a priori, beet g. Q % - , . " *!Uev r~ f~ee J ye %- mplosion wave

bi 4, or. "It IK be eean , b" , . : bo ne out. hn

tu pr) , Y6?0*,4tiona estIma~es' . b 4. 6 the"depth Of plastiq tlow, sy "

for proted-tve 1 nes. INurther o4ithknnoessea egminate,,.the "d4nmicq of the

The pressure-t: me hiotaries at the, 'interf .ace for.- the ,two explo-
sive cases arm shown in Fig. 28. Vrom the f igure i' tac be seen that the' thin
layer of explosive behaves as if it were in a one-dime sonal fraie, 1e,.tfiepressure at tha e e inr evaries as t-19 as reicted for

the origin conditions by ideal plane explosion theory Deviations from this
behavior are due to the fAct that the data are for a finite-source, plan6 explo-
sion rather than the ideal plane explosion. The most serious deviation from
the ideal theory occurs for Case 2, fog times less than one microsecond. The

pressures at t - O. Asec are - 2 x 10 psi and then the pressure falls rapidly
to adjust to the t'io/v - law. This behavirr is to be expected since the

pressures for a finite source explosion are limited, for vanishing times, to
at least less th n those produced behind a reflected detonation which for thiscase is - 6 x 10 psia. For an ideal eplosion the pressurest approach

infinity s t approaches zero a situation which cannot occur in reality. For
times large enough that the details of the source of the explosion are obscured,
the behavior should and does approach that of the ideal source. At shorter
times, a transition type behavior, connecting in a smooth fashionithe maximum
pressure of the finite source explosion with the ideal curves is expected and
observed. Recal this type of behavior was also seen for finite sources in

tho spheca! cailq, (see Pig. 9,fr example).

One also notes from Fig. 8, that thetwo ideal approximations

to the curves a e s0,a0ed apart by a factor of 13. For an ideal plane
expiaOp, be soJVt pressure as a function of time, is given by

p =K E t ot a l  t- 2/ 3  (2.116)

.. , ba lresre at6 gpven estant o ti ae varies directly as E total/ hi

car the Wo csep d r coFsideration a representative value of p ps fficult
to i etenmi e ea lysnce he desiaty profile varies over the outer half
of lbe ]er. ohe tntaty e det o e region well ahead of the imploding
thoek ib , or se 2, d o approz m/e , and f o Case , p rc 1.2 x o -
grams/o. As aote in eo .  .5 th eRlesive energies as ior the two cases
ars sUlroy hTferent (by ou cor o iI), therefore the two curves should

be spcurv a sac aator of 11.8. Tho m asur spacing is 13, approximately
10 pehcenj; greoter. Considerira the d,ffrerencea and no ideal nature of the
two qdases th tl , nisageeett is rveerotaeoe.

of t~sL~er... i1~e en~ty ~n 1~ 1rgo elaedo h mldn



r In retrospect, the fact that the explosive does generate a

plane type of flow is not surprising, when one recalls that the thickness of

the expiosive is very small compared to the radius of the sphere. For the
above cases

d 025 1.27 x -2 (2.117)

0 20.0

If the thickness of the explosive were increased tenfold or more, one would

expect phenomena at the interface would take on more of a spherical character.
However it is doubtful that explosive liners greater than 0.5 inches will
be used in practice.

The effective value of gamma of the explosive products, which
will be used subsequently, can also be determined from the data. In Fig. 29

the variation of pressure with density is plotted for the expanding products

of detonation of the TNT and COMP B explosive liners. The slope of the curves

in this plane is the effective gamma of the explosive at that state. Gamma

in this sense is not the ratio of specific heats but rather the isentropic

.xponent, a characteristic that relates the pressure and density in the equation

°e
p = const p (2o118)

From the figure it can be seen that the accurate numerical description used in
the calculation of the gas state of the products of detonation of the explo-
sives does not permit a single value of gamma to be assigned to the explosive
over the range shown here. The slopes vary from a minimum of approximately
0.6 to a maximum of approx:.mately 2.0. A rough approximation for the range
shown would be Y e - 1.2. F? cplosives at very high densities, isentropic

exponents of the order of 3 , are not uncommon. Clearly this is not the

case here. The important points that are made are: 1) that gamma is not
high, but moderately low (7 - 1.2), 2) gamma is not constant. These two
points will have a strong bearing on arguments made i, the next section.

2.5.3 Implosion Phase

After the explosive detonates or the gaseous detonation wave
reflects from the outside w ll, ar. imploding snock wave is generated which in-

creases in strength as it approaches the origin. During this phase the condi-
tions at the origin ahead of the shock wave remain constant, the high pressures
and temperatures which act on the projectile occur after reflection of the

imploding wave. However, an understanding of the implosion phenomena is a
prerequisite to the understanding and prediction of the origin conditions after
reflection.

While all of the gas properties are changing simultaneously
during the implosion, for purposes of organt7ation, the pressure, density and
temperature profiles and history and the trajectories will be discussed
separately in that order.



Pressure Profiles

Classical implosion theory, which does not include any finite
radius effects, predicts that the peak pressure should vary as r-6. The actual
peak pressures attained in the imploding wave are plotted in Fig. 30 as a
function of radius for the three cases. For the explosive cases, it is seen
that the pressure drops several orders of magnitude during the first few centi-
meters of inward travel as the effects of the finite amount of energy in the
liner are felt and planar flow properties predominate. The pressures then
begin to level off approximately midway between the outside wall and the origin
and then approach a self-similar type of behavior as they implode toward the
origin. A somewhat similar pattern is followed by the gas case, except that
the very high pressures generated at t'ie outside wall by the explosive do not
exist. For the gas case the slope of the peak pressure curve in logarithmic
coordinates approaches a value of 0.905 during the latter part of the implosion
phase as predicted by the classical implosion theory for 7 = 1.67. This is to
be expected since no exterior driving force is present in the problem and the
origins of the imploding wave become obscured near the sphere center.

The explosive driven cases behave quite differently. In the
absence of any external driving force one would expect the limiting slopes to
be 0.9054 and 0.5719 corresponding to 7=1.67 and 7 = 1.14,(see Table 2),
for cases I and 2 respectively. It is seen that the slopes are both 1.21,
which if taken literally corresponds to 7 = 4.0. Wh4e some explosives do
behave initially as if gamma were quite high (7 3) ' as the detonation
products expand, 7 decreases leveling off at values near 7 - 1.2. It was
shown in Sec. 2.5.2 that even for the densest regions of the TNT and COMP B
liners, gamma never exceeded 2. Clearly the observed behavior is not dependent
on any gamma effects of the explosive, and is independent of any effects pre-
dicted on the basis of the gamma of the driven gas alone.

It is hypothesized that the observed behavior can be ascribed
to the effects of an "imploding piston". Recall from Figs. 26 and 27, which
showed the trajectories of the shock and contact surface, that, as a first
approximation, the contact surface separating the driven interior gas from tne
driving products of detonation of the explosive, moves at nearly constant
velocity. This surface can be considered as the forward face of a piston moving
at the contact surface velocity, since there is no mass flux across it. It is
to be expected that the flow produced in front of an imploding piston would
behave quite differently from the flow produced by a stationary piston, in
much'the same manner that a spherically expanding piston produc.'s a flow that
behaves differently than the classical explosion flow (effective piston velocity =
0). (The spherically expanding piston problem was also solved by G.I. Taylor ).

Unfortunately, to the author's knowledge, the spherically contracting piston
problem has not been solved. Its solution would shed much light on the dynamics
of the implosion wave in the cases where explosives are present.

Also plotted on Fig. 30 is the predicted values of pressure cal-
culated using the "implosion in a sphere model", Eq. (2.92). For the gas case,
6 is taken as 0.9054 as suggested by both clasJ.cal implosion theory and veri-
fied by the numerical experiment. It is seen that the comparison in the gas
case is very good and that the model does allow the prediction of the peak
pressure profiles. For the explosive cases the use of Eq. (2.92), is not valid
since there are two gases with different properties to be considered. However,
the shape of the profile can be predicted from the terms in Eq. (2.92) contain-
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ing rs/R o only. 6 was taken to be 1.21, as obtained from the plot itself,

and as can be seen from the figure, the profiles based on this value of 6
show rather good agreement with the data.

If the remaining terms in Eq. (2.92), containing gamma effects,
are evaluated based on the gamma of the dr-iven gas, and a comparison is made
of the predicted and the numerical results, then the agreement is not very
good, the difference being factors of 1.34 and 0.35 for cases 1 and 2 respect-
ively. Basing gamma on an effective value of gamma for the explosive pro-

ducts, (7 - 1.2) is also unsuccessful.

Better absolute agreement might be obtained if an effective A

based on a weighting of the two values of y is defined, and a diffe:ent repre-

sentation for the explosive products taken, reflecting the fact that the

explosive products undergo an isentropic expansion process rather than a shock

process, hence the ratio of internal to kinetic energy will be quite different.

It can be concluded that the "implosion in a sphere model" is a good representa-

tion of the peak pressure-distance profile and absolute values of pressure

for cases where a single value of 7 can be determined. For cases where two
different gases are used, the snape of the profile is predicted well but an
empirical relation must be used at present to predict absolute values of
pressure.

It is also of interest to examine the pressure-distance profile

at a fixed instant of time. Classical implosion theory predicts that the loci
of the peak pressure with distance varies as r-6 , and that the pressure, at a

fixed instant of time, also varies with distance as r , (see for example,

Eq. (2.66) and (2.80)). In Fig. 31 the pressure is plotted versus radius for
the gas case, for several instants of time. It can be seen that the profiles
are not as well predicted by the classical theory or the "implosion in a sphere

model" as were the peak shock pressure profiles. For the earliest instant of
time plotted, (t = 39.48 isec), the profile is decidedly unlike a classical

profile and in fact is representative of a plane wave profile. A direct com.-
parison of this profile with a plane profile cannot be made, since the shock

is not strong (p2/p, - 2.5), and the effects of the detonation wave profile,
which extend to r/Ro - 0.5 are most pronounced for times shortly after re-

flection from the outside wall. At a later instant of time, (t = 51.38 psec),
the profile is achieving a classical like shape, but it has taken an asymptotic

behavior of (r/r5)
"-O1 rather than (r/rs)-.9O54 predicted by theory. At the

last printed output before reflection (t = 54.45 psec), the profile is
definitely self similar, in the sense thec the asymptotic slope remains un-

changed from the previous slope and the near shock values are becoming more
classical-like in appearance. In short, for early times the profile is
decidedly planar. At later times the profiles take on a self-similar,
implosion-like character with a slightly greater slope (- 17% in this case)

than would be predicted from classical considerations. The fact that the
shock strength for the two earliest cases is not sufficient for the shock to
be clearly "strong" might be suggested for this breakdown. However, the

same behavior will be found in explosive-driven cases, where the shock is and
has been strong. The "discrepancy" lies in trying to make the real case of
an implosion in a sphere conform, too closely with the classical, implosion
from infinity.

It should also be noted that the spreading out of the shock
front due to the artificial viscosity technique employed makes it difficult

to assign an exact radial position for the superimposed classical implosion
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profil'as. lHn6, the curves could- shift to the left or right •d ding on how
the shock front position was defined, and -the method used' here must be 'explained
In the figure :,_he classical profile is applied to the two latter s
qiring i ts peak pressure to coincide with that obtained numrically. fr the
.earliest case, (t = 39.48 tisec),, the shock front 1ocatio' is easiydeterm6ined.
At t, = 51.38 gsec, 't-1is procedure places the-shock front lappro*im;teiyidway

portion of computed proile. At tveryciose

to the origin, the artificial viscosity spreads the frofit so ext#,enSiV1y-of.
this plot that the "middle" of the rising is obscuired . The-presi i t procedure
places the shock front at r = 0.46 cm.

Plotted in Figs. 32 and 33 are the pressure profiles plotted
for three instants of time for the two explosive driiven-cases. Ini'neral, the
same points can be made for these two cases as were made for,:the previous 'one,
with one exceDuion. The initial behavior of the gas is different. 'The flow

in the, explosive cass is ,complicatea-by the driving gas. From th hefigu'e,' it
can be seen, that not only does an outward propagating shock exist in the' 'flow
but also an inward facing wave, which while moderately strong" (P2/Pi 5 to 10)
at the times plotted here, is being swept backwards toward the origin. Whether
this wave is a computational effect or is part of the explosive-driven implosion
phenomenon, cannot be determined from the, few data available. One might argue
that it is the result of allowng the explosive to detonate prior to the-
arrival of the pressure peak, as it is seen only in the explosive driy n runs.
If it were a comoutational effect it could be removed in subsequent studies,
by changing the detonation' t'baeshold pressure of the explosive to, a higher.
value. There is also the possibility that it is an integral part of implosions,
in a sphere usinp explosive liners of finite thickness. For example, secondary,
reLrward facing shock waves have been found in-numerical calculations of fiite
source explosions and have been -ooserved in. pr4ctice -5 5 hence by -analogy the

F existance of secondary waves in a finite source implosion problem would not be
entirely anexpected.

Ic can be seen from the figures, that the driven gas in the; two
explosive cases take on a self-similar type of behavior as the shock approaches
the origin., In Case 2 the ex-oneut characteristic of the pressure profile is again
slightly greater than the predicted. exponent, 1.47 as compared- to 1.21, a factor
of approximately ~ 20 percent. Case 1, which will ,be seen later, ,s the post

rclassica. like in all respects has a slope of 1.17, only 5 percent lower than
"he predicted -value. O Fig. 32 it should be hoted that the absence of a, clear
cut slope for the profil.e at 67.78 psec is due to the, fact that the, front edge
of the imploding shock has reflected and the artificial'.4iscosity is beginning
to bulge the incident shcck pressure profile as the reflected shock begini to
emerge. I

It is of interest to know, the peek density as a fuL3tion
of radius and the density profiles at given instants of' ttire- as this wil. ,
allow further inai4 ,t into the implosion phase -phenomenbn. - In the classical
implosion case tbe peak density should be constant with radius a,?a strong
shock ib assum_d for the entire implosion phase. The density profiles at
fixed instants of tUmT sGould have distinct rising profiles wh'ih approach
conrstants Ev r/r s beco ,%s Large (see Figs. 13 throt)-h 17, for example).
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Acte artif-icial vi scity smreads thte shock front,, it is
difficuliit to assli~r api e-kt adal Dosit1ion fo th rot H h

pea i~essreloctio, cn e Ioun wih preeision and xi.1 be used in the follow--
* discuSion.

.1-:1 the. ~ density,; taken at the- pressure teakt i;s -01otted
as, a ~'~an'on of radius. *The curves-are a com-panion set Y'dVoeo-2g30

Th~~ ~ ~ ~ 'dn~ snraiidb tew~lahepad - f th& i mploding wave,
(sea fig.- 36Y,, t. = 36.5!91s r = 1.0 cs. or. exawle). Thte :striking feature

of i"s ,=ue is thaz zt hows clearly thcse cases for jgjich the strong shock
asaurntion 4s; not valid. _f strcng- shock -ere nrodue:ed tinroughout the
entire iamDlor~j~h zhase, then the density 3t t-he peak p-ress-are zosition. should
be constlant. for all radii. FigUre 3;sho-ws that oflir (Casa 1,1 the low initia~l

70ss';U..e, -exolesive driven case satisfies the strong shock assumzption and then
only for the lattei 41ysrter of the -inmlosion trajectory. For the other two
cases, the shocks are strengthening as thiey apprc-gch th-e or-igin, but ndver-
attain, the strong shock coidition for the d_1 nzahions siownn here. Of -d-ourse,.
for very small radial distances i~e.. ,close to the origin the strong shock
crit-eria oust nltimatel3y be met. A hedensity at the peak pressutre lcation
is plotted in Fig. 3!;, rather than densizy at the khock front the asympDtoti
vlalle for zhe density is niot the sz.gh&kvalue kywr4I(y--l, but is greater
than this 7ase by an, verya cloeh to eni- ona - . One notes that the level
attained by Cae1ozvr coet ht redicted by t he classical similarity
colu1tion fo y = 1.67;. 'This inf~icatcs -12at w~l VL! shock frbfit Jesspread out
and its lo.cPAtion is made _,a..-s by the exrtificiLal viscosity technique, not
al" of the fire structuke of t._e flow is obscurred by, the techniznae. Knowiha
befrechand that on7.y qase 1 satisf2.es thLe strorg shock criteria over any signi-
ficant part of its Zrajectocry, a qetailed loek at 'Thbe &.ensity profiles at givren
instants of' tie49A 1h o frutflnl.

Plotte& in-2-is. 35 ate idensitsy ncrofile2s at, three instarts of
'time -Tor Case L. For t =6,8and 63..'1 g±sec, -ehe density profile-s are seen
to apprn'ach the classical den!;ity qofle with minor variations. Even at

t 5.-5 p~sec, the e-,etan i ~tm, wihere F ig. 4~ showed that theI
strong shock crilveria is not f± -. ly sa~fed, -he zrofl. ]e aears classical
in chlaracter i.n that it ri3es eboolie shc- s-,rng shock .'alue and approaches the
classical v-,Iue. -The increase in density a':ove the (asydiprotic value for the
c-arve for t = 67-78 l'sec at, r -3 cr is- daze to the reflection of the front
eJ.ge of th;e ilkloditig shock. The i ac:ease in. deitsity seon immediately ahead
of tnae contacz s-lrface is not predia,,ed and ay je a cornputational effect,
The density profi3*es of -the two weaher cases are shownm in Figs. 36 and 37 for
cas~es 2_ and' 3 respeetively. The gas ; Jig, 37 hi.as t1he same garpMMa (y = 1.67)
as the uorevioats case arot a. direct com~arizon e~ thle two- i: possible. At the
ts'o earliest in-9ta3nts iodt time, 36.;4 atnd 15.02 p.seec, the density profile
is quite --like %Ahe classic. brofile. The peaks in deihsity occurring at
roughly the peak ±:w pressre which is indicated by the arrows. The density
just reacas the stiing shoak value the latest time t - 5.5'Isec, and is
-till inuf.h lesu than. .he cla~ssical itrniosion value. However, -the profile is
terding to become classcal like, at 'Least In the sense that the density peak
has moved re.arward of tfx-,' presouxe Teak. Jleaxly the comparison between the
data and the clau, cal imrtosion profile is not nearly as favorable as it was
in Vase I- In Vi;:, 346 ane )Iotted tUile pra'lles- Por Case 2. The effective
gammra of =se gas is -Y -~ 1It henre ',he sho:ckr densicy jumps are much greater
than 1 i,'- cuete (p 7p - &2 *coaLaroet to h.0). In tlis~ case, the
density pr~. 1 f, ar~ a.-oi no.---. Ua,-:i c st in (.ha a -Lt er because of the rela tive
wekrzsc of -e r' orr rowever , f or '.he Profi le neia rest the j nstant



of implosion, the density peak has moved behind the pressure peak-indicating aL

teftdancy toward the classical -Drofile.I

It can be concluided from data ,hcwn on the peVious, four figures,
that a,6lasaical..like behavior holds -for the implosion phase provided the
shock is strong aiid has been so for most of the implosion phase. For gas-
cases or -cases where th6 shocks are weak, -the d'ensity decr'eases, behinid the
implosion froht x-;ahel thsn increases withl' the .resillt that self' similafitY.
of the flow profiles JAJ. not obtained-

Lt .zhouldi Ni noted that the 100- psi case is representative of
.he lower limit of -the cohditions- .- o 'be, used Tfor launchings. Hence it is clear
that the d.Yna-' cs okf 'the l ow Th Athe chamber can oil_,y be approximated' by 4?.

strong shock molel, ard that the -full non-linear exact sifbk relations must be
inaluded, at; Least over partof thne trajectory, if a precise descriptio n -of the

Teeraur-e Profiles

Inteprevious two sections it- tas seen 'that- the rsuead

density take on a classical-liki.- behiavicr provjided that the- -shock is -strong,
and has been so for a sign.'" !icant part of-' the -t-rajek--,rrY. Thtempkature
profiles -will zlow 'be exskaned to see if they behavre similarly. For theJ
claszical case~ the peak tempe--atuxe should var~y as r- and- the ternperetu2ye
3rofile et a f4xmd ainstanzi of time6 should 'approach the eurve ',cohst x r'fo

Xor a. 3:rfect g6as., the temperature profiles cculd b6, cAlquaatedA
using

Hence, for Cases 1 and 3 wher6 eamma was constrainedto be, y .67,, the
temperature can be obtained directly from the density and presqure. 'For Case
2, where ?- real gas was assumed, this cannot be do:n6., Unfotudnate"ly the
printed output for Case 2 does not include the teL~eratures, although- in
principble shey could be obtained from p and p knowi-ng the complete equations,
,of a-tate, which is niot giv er±.

It wvill. be shown in the next section that rei a, stoidhiometrict
oxygen hydrogen. fox the conditions under discussion, 'behaves v'ery--nearly as if
gamma wa6re constant. at 7 = 1.14. Using this value, which 9gregs,,cl6sely with
the dc-tonation calculations of Benoit% , nd information from the real gas
calculation, for high pressure det'lonebiori waves fxoom the same r'eference,, a
factor could be determined which allowed the 'temperature to be esti-mated from
p ahid p .This was

T =17.29 c 10-;3'p,/-
where

p is in psia (a.30)
p is in grams/cc

T J~ in OKC

For ',-hr- rtmainder of this repon.t, where ternpe±atures are qtxoted for Casr 2,
they wIL i ave benn stimated using this equeaion. 9hown in Fig. 38 ji the
temppr-atize at the peqk preuelocation vers-..-s radius for zhe thre. case.
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It is sen that the peak temp.rature profiles follow generally the profiles
obtaine&.for the peak pressure,, except that the nonzideal deisity effects-
cause the aigreement to be not as good as it would have been if the density
-were more classical-like. For case 1 the curve approaches r-6 for r <0.5 cm.
For smiller r, it- falls below this line prbbably as the result of the
artificial viscosity depressing the pressure. YFor case 3, the curve approaches
the r;.O9054 curve foi r/ 0 < 0.1 i.e., much closei to the origin, since theS implosion required considerably more strengtheningto he come a " strong" shock than in
Case 1. -Case 2, wihich is the eiplosion-driven, weak-shock case, shows poor
agreement with-r-1I 21 curve until nearly r/RO < 0.1, after which it takes on
a more classical-like behavior. In short, the peak temperature ;behaves in -a
manner consistent ith the previous results for teak pressure and deni;ity.
Althqugh-not-shown, the temperature profiles takei at- various instants of timefor-jthe three cases, . show a self-similar type profile only very near the origin.They-are decidedly planar for times near the beginning of the implosion, in

general -agreement -with -the pressure and density behavior.

Implosion Phase Trajectories

Xt is also instructive to compare the implosion phase shock
trajectory obtained from the numerical exfperiments with the trajectory pre-
dicted by the "implosion, in a sphere" m6del. As noted previously a precise
shock- front location cannot be determined from the numerical experiments,
however the. point of peak pressure or maximum artificial viscosity can. In-
-principle, the maximum velocity gradient occurs in the shock front, hence
taking- the, 10cation o. the maximum artificial viscosity, -as indicative of the
shock front. location, should entail a- minimum of error. While this works well
away from solid- bouixAaries or the origin, it will be seen that it fails badly
near-,them. If the pressure profiles were all classical, self-similar profiles,
thef ithe shock front position could be determined by correcting for the dis-
',ance between the shock front and the peak pressr e.location using the classical
theory. It )has been shown that the pressure profiles -are not all classical-
like for the whole trajectory. Hence, a correction based on this assumption
would not be valid over the entire -rahge of r. As any method of adjusting the

S data to account for this effect would be arbitrary, the uncorrected peak
pressure ilocation 'is plotted directly along with the trajectories predicted
by the ":implosion in a sphere" model.

The data and theory is plotted in Fig. 39, normalizing the dis-
tanc by the chamber radius and the time by the implosion phase time. For this
plot r = 0 and t = 1 is the position and instant of implosion and r = 1 and

= 0 is the instant cf beginnihg-of the implosion-phase. The two predicted
traject6ries , which in their normalized form are functions only- of 6, are
given for 6 = 1 21, which is applicable to the two explosive driven cases, and
6 = 0965kk, which is for the gas case.

The comparison between the numerical experiment and the theory
is Very satisfying. Cases 2 and 3 have bctter agreement than does Case 1.
But recall that these two cases were the least classical-like hence the peak
pressure location plotted here and the shock front location are closest. For
Case 1 the pressure profiles were decidedly classical in character. The dis-
tance between the shock front and the peak pressure location is 1.25 r, for
the classical profie. It caen e se thas applying, say, one half of theo
mximum of this correction to the dc.ta, results in a good fit with the theory.
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Also ihowfi in the figure is, the trajectory for Casel based on'
the maximum artif-idial visdbsity position. For moit of the-iplosion it is seen -
that this position ks. ahead of the teak pressure position,' as it should- be, and
gives better agreement with the predicted trajectory. HoweVer, for t less than_ I

0.2 the position of maximum artificial viscosity jumps close t6 the origin
and remains there for the remainder of the implosion. This is clearly a com-
putational effeat. and has no basis in. reialit. A cbmparison of the two ways
of plotting the "soihck location" would indicate that away from the origin. the
artificial viscosity location is more representative, of the shock front
position ihiless the implosion wave is non-6lassical in which case the peak
pressure location is mbre accurate. Near the origin, the peak -pressure location
is more accurate. A trajec -y for a classical ijifinite-extent implosion is
also shown for comparison. w. le it agrees with the implosion a-sphere model
for the later stage' Of the implosion, it diverges substantially for earlier
times, as is to-be expected.

I-t can 1!& concluded that the "implosion in a sphere" model also
provides a L.6d repr 4ehtation of the actual trajectories forthe cases at hand
This occurs because th- trajectory depends primarily on the pressure, which as
was seen previously, is icniuately predicted by the implosion in a sphere model.

2.5.4 -Conditions at the Origi~n-after Imp!Osion
The implosion phae , during, whiifethhe shock propagates from the

outside wall to. the origin, is of interest primariy, because it shows the
strong effect of the spherical convergence on 1he shek strength and- onthe pro-
porties of the gas behind the shock. Whi l:-&thes- prqpities are 6f interest,
they, are not the real point. in question. The key @ont i4,, t be able to predictgas state in the region-of the origin, at and after the instknt of implosion. I

It should be clear from the previous an alydi4, that as r - 0,
i.e., t --*t-m, p -4 , T -c and - const. This can hap.en i.i rinciple,

only in, the absence of any viscous,, heat-conductive or radiativ.e ef.ects., For
any real gas, these effects will limit the pressure and tempera;ure to finite
values. The analysis of convective and radiative losses is &.,poblem of con-
siderable importance to implosion-driven launchers since it is probably these
effects which will limit their ultimate performance. Th -complekity of the
problem make this a s-2 piia'4.e +ask in its own right and preclude its being under-

taken as part of the present study. It is hoped that a serious attack- on this
problem can be started in the immediate future.

In a sense, the finite cell size and artificial viscosity uzsed
in the calculations have already limited the maximum recorded pressuresand

temperatures by spreading the shock front over several cells., The cell or
grid size could be reduced at the expense of computing time to obtain finer
iesolution. However the resulting profiles would then have to be integrated
(averaged) over the projectile base area to obtain the accelerating force. The
data for times nearest the instant of the implosion, gives as the radii of the
central zones, 0.33 cm., o.89 cm., 0.56 cm for Cases 1, 2 and 3 respectively,
hence the numerical results are already averaged over areas comparable to the

projectile base areaand have finite peak values.
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time'History at -Origi~n,

The time history 4o the gas 'in the origin zone, after the re-
flecdtn Of the implosion wave wil now'be examined~in detail to ascertain the&
nature of theflowi. In Fig. 40Is plotted the piessure in the origin zone as
a funcAion o' time from, the instant of implosion for the three cases. It can
be seen that for all three cases the pressure varies as t/2 The data-for
ease ('100 " ;p ia-T ) are limited to two points but a slope of minus 3/2 is
fiot -uires6nab!re. -This point is very significant * As the three cases involved
inclded, explosive-difiven cases with both real and perfect interior gases and
a non-expilsive driven perfect gas case, one ,can conclude that this result is
indopend'ent of both the 'drivingtechnique and of y and that all cases will
'behive identibally. While this, beh&vior is not sufficient, it is a necessary
condiiidn for the 'existence 6f a -similarity- soiution-for a reflected implosion
.wave. Recall that the pressure at the origin for an explosion regardless of
the ratio of''specific h eats was 2v

,v+2 ' 2 1

For an'-implosion it appears that the pressure at the origin may have the form4 V,

This result also hs 60nsiderable bearing -on the potential use- of the gas, pro-
duced by th e implosion, as for example in the hypervelocity launcher, since it
implies a very iapid decay of the pressure and consequently the average pressure
will be.substis tfally less than any peak. pressures measured 'or i:nferred. The
poi-t of view Qf an :average pressure will be persued further in Se6. 3.5.

It is of, interest to determine in the 'sme manner that was used
for the explosive product6 in Sec. 2.5.2, the ratio of specific heats of the
doubly shocked gas in the origin .zbne. Fok Cases I and 3, Y 7 1.67 should be
obtained since this was .,assumed initially. Case 2 is of interest,- since it

I will indic;.te how the' present representation of real gas stoichiometric oxygen-
hydrogen behaves at--very high pressure. In Fig,. 41 the pressure is plptted
versus the: density for thi gas in ithe origin zone. For Case, 3,. the slope of
the curve ,of p versus, --has a slope of 1.67, which is in agreemen' with the
initial constraints. Further, the conditionis at the outer wall are also plottid
and gamma also found to be 7 = .1.67. The shift in the curve is due to the
different state of entropy at this location. For Ca~e I, only thre6 points
exist, but they are sufficient to exhibit a slope of 1.67, as initially assumed',
The results from Case 2 are very Interesting, as they show that for pressresis constante will the :11 and 'aayi 'tfllw
in the range of 4 x io4 to 8 x 10 psi and corresponding densities of 10 to
1 gram/cc, that gamma remains essentially constant at a value of 7 - 1.1.4.
From an inspection of the equation of state for the oxygen-hydrogen mixture
(Eq. 2.114), there does not appear to be any a priori reason to expect this
behavior, i.e., this value of gamma has not been "preprogrammed". That gamma
is constant will simpliify the discussions and-analysis to follow.

After the imploding shock wave reflects from the origin, the gas
in the origin zone does not experience any further shocks or compressions,
(until the next cycle). In the absence of any entropy producing mechanisms,
the flow is particle isentropic and the variation of the other gas variables,

2 1 tensity and temperature along a particle-path or Lagrangian surface should
be calculable from isentropic flow considerations. Recall for isentropic flow
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between two states 1 and 2, the temperature And density changes arae relted to
the pressure change by 7-1

T 2  P2 Y
(?.123),

and 1

2: (p2 (2.124)P2i P2

Since the pressure time history has been shown to follow 'the relation,,

P2 2
= const. t (2.

then it- ianiediately follows that the temperature and density time historieS
should be 3 -l

T = const.t 2  "' (2.126)

"_3
and '=-const.t 2(2.127)

Plotted in Figs. 42, 43, and 44 aie the time variations of p,. T, :and p in the
origin zone, as obtained from the numerical experiments. In Fig. 42 the data
from Case 3 show very good- agreement with the predicted slopes. In Fig. 43"
the data for Case _2 indickte that -for times less than about two micros'econds,
the Spreading due to'the artificial viscosity "flat tops" the profiles. If-a
run with Smaller zones .or a smaller artificial viscosity coefficient, were made,
the profiles would be peaked. The flat top shown here is a computationa. effect,
but a similar flat topped, behavior would not be unreasonable in a real situation,
where convective or radiative losseg dominate.

In Fig. 44, results for Case 1 are plotted. The limited amount
of data, (three points)) .iuthe rieaXhess to the instant of refiection ,(width
its subsequent strong artificial viscosity effect), do n6t permit a valid
comparison with the theory. However, it is not entirely unreasonable to expect
from the trend that the data fair with the predicted slopes at later times.

It may be concluded from. the abve ,cases that the flow is 'a
particle isentropic expansion flow, and that the state of the gas in the origin
zone and its time history are known in the general case, with the exception
of the constants in Eqs. (2.125), (2.126) and (2.127).

.If an analytic solution for the reflected implosion wave were

available, then these constants would be known as for example, as they are in
the.classical expldsion case. As this solution is not yet available and 'as
these constants must be known if any further use is to be made of the anAlysis
developed so tar, the following alternate approach is suggested.

There may be several ways of obtaining these constants. One way,
which has the advantage that it avoids the singular region, follows. Consider
the profiles shown in Fig. 45, which are taken at a fixed instant of time after
the reflection of the imploding wave. The pressure and temperature profiles
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left'by the ihbound shock are shown by the dotted line which can be calculated [
using-the implosion rin a sphere model, for example. If, i)- the shock jump
-c6dtions, 2) the ratio of the 'shock to origin'.conditions, and 3) the outbound

trajectory (such, that the shock position and corresponding time are -known)
then the-origin bonditions dt that instant of time are knowh, hence the con-
stants can be evaluated. These three points: reflected shock strength, similar
profiles ehind a reflected implosion, and the outbound trajectoryt will nowbe
,discus.sed, in, turn..

Refdleted rhocmetregithule

The overall pressure ratioacross a classical reflected -implosion
wave 'was' determined b Gudekley4 in his classic work on implosions,. He obtiinT

ed-an overall ratio of 16.6 ahd '26.6 for cylindrical and, spheiical iiplosibns
respectively,f o r y = 1.4. An error in the scale of Fig. 4 6 his oriinal
_aper 'has caused some confusion but by noting that the exact value-

for the planar case is p5/P2 ='8, for y = 1.4, the proper vertical scale can
be determined. The corrected plot appears in'Fig. 46. The curves are normalized
by the pressure immediately behind' the imploding wave at r = 1, t=- 1 and the
time to transit from r 1" to the point of reflection. The- normalized tra-
jectory on the r - t plane is sho'4n in the insert on Fig. 46 for y = 1.4 and
v = 1. The basic character of the :traectories are the same for v = 2 and 3,the only exceptions being that the tiajectories-and partidle paths are curvi-

,linear, the particle paths are inclined outbound' after reflection, and the
reflected waves <arrive at r = 1 s6oner than in the v = 1 case as can be seen
from the pressure-time curve of the same figure.

A very important point concerning the pressure curves was not
made explicit by Guderley but can be, 6btained from an inspection of them.
While the "reflected shock" pFedui-e ratio for the one-dimensional ca~e is
straight for:W'rd in that only asingJe shock compression is involved, the
overall reflection pressure ratio- for the cylindrical and spherical cases is.
composed of two parts, ,an adiabatic (particle isentropic) compression followed
by a shock compression'(subsequently there is an adiabatic (particle isentropic)

expansion). Further, for the one-dimens1onal case whether one is interested
in the pressure jump as seen , by a particle in the flow or by an observer
stationary in laboratory coordinates, the reflected shock pressure ratio,
P5/P2defined-by the ratio of the static pressure across the reflected shock,
is the same and is given in Eq. (?.18). It is P5/p2 = 8 for 7 =i.4. For

the cylindrical and spherical cases, the overall compression experienced by a
particlh in the flow and the overall compression noted by an observer .fixed in
the laboratory frame are quite different.

For example, for cylindrical or spherical flows a particle com-
pressed by the inbound shock to a pressure p2 , is put into motion and moves
toward the origin. It undergoes afi adiabatic compression as it approaches the
origin. Its' inward motion i. terminated by the reflected shock, which is now
outbound from the origin. Subsequently, it propagates outward from the origin
experiencing an adiabatic expansion. Figure 46 d6es not apply to this case
but rather to an observer fixed at a given radial position and 'observing the
pressure as a function of time. The fixed observer sees the incident shock
pass his station at t = -1. It is followed by inward flowing gas (along

particle paths which come from earlier times) which is undergoing an adiabatic
compression by virtue of the cylindrical or spherical convergence. The
phenomaenon is such that for the cylindrical and spherical cases, the pressure
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at the fixed observer increases in time until tthe outbound reflected shock
passes, giving- an fnstantaneous pressure ificrease followed by a monotonic
pressure decrease due to the outward diverging f1ow. -It- canzbe-seen from the .....
figure, that as, seen by the fixed observer, the adiabatic compression has a
greater compression iatioacross it (p/p2 =,-8), than does the r-eflected shock

3.33). FromSoon, for ' = 1.67,. the reflected shock has a. pressure
ratio of P/P2 - 2.5, and the adia'atic compression has 6A-strength of z 5 giving
an overall pressure ratio- of p/p2 " 12.5. The ratios, which are tabulated in

Table 6 and shown in Fig., 47, are quite different from the larger numbers
usually quoted for the "reflected-shock pressure ratib" which should be
called "bverall compression ratio" on reflection to prevent confusion with
the pressure ratio-across the reflected shock, which-as ii s6en, i's relatively
small. A comparison of the two available values indicates, 'that the strength
of the reflected shock part of the total compression, may be roughly approxi-
mated by the one-dimensional value divided by -y+l) for spherical implosions.

It is instructive to compare the keflected shock strengths .of
the numerical experiments with those predicted by classical theory. - .The direct
approach, i.e., plotting the pressure- at a point as a function of time to
duplicate-Fig -46, was not successful. The spreading of the reflected shock
by the artificial viscosity obscurred the profile. An alternate appr&ach
which is not so sensitive to the ipreading i shown in- Fig. 48 for cases 2

- and 3. The peak shock pressure is plotted versus the radius for the outbound
shock ior Leveral instants of time,, and loci obtained. The pressure at any
point in the gas into which this sfock is propagating should, for a classical
implosion, be increasing in time up to the instait the reflectedhockarrives
at that point. However, as seen from the ,figure for .the pressure profiles
shown at'different timesi (for example, t ='54.45 and 61.66 ,isec i4or Case 3, and
t =-'105.5 and 116.8 lisec for Case 2.), the profile ahead of the re3flected shock
remains nearly independent- of time after implosion for Case '3 and' for -Case 2,
shows I only a very small (- 30%) increase in pressure. A c1assicil implosion
should have shown increases of nearly factors of - 5 - 10. It is seen that the
,implosion in a sphere, again produces results which are at variande with
classical implosion theory. Since the pressure profiles into which the re-
fi.ected shock is propagating are nearly constant with, time, the ddfference be-
tween that profile and the locus of the peaks of the reflected shotk is a rough
estimate of the, reflected shock strength. As the aftificial viscogity has
reduced the peak values -of the outbound reflected shock by an undetermined
amount, this estimate should be considered a lower bound. Values 7f p/p2 ' 1.7
and p/P2 - 4.1 are obtained for y = 1.67 and 1.14, respectively. :E1edicted
values of P/P2 for the, same cases are 2.5 from Somon for y = 1.67, ,and using
the numerical approximation P/P23i P/p2l,/(Y+1 ), gives 8.02, for 7 = 1.14.
Both values are 'about 50% higher- than those obtained from thei numerical
results. A better determination is not possible with- the limited data available,
but it Can be concluded -hat the values are of the right order of diagnitude and
in the right direction considering the effects of artificial viscos'tty.

It appears that the reflection phase of the flow inua finite
sphere for weak implosions can be considered to have a pressure profile ahead
of the reflected shock, which is fixed at that value experienced at the instant
of implosion, and a reflected shock strength that is given by the c liassical
implosion theory. It would be interesting to see if this model also applied V
to the strong shock finite sphere implosion for which data are not presently
available.
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Profiles: of the-Flow Behind a Reflected Irploion Wave,

Whil it has not been proven, -the evidence suggests that the
reflec'ed implosion wave for a classical implosion, is self-similar. There exists,
at piesent, no analytical or numerical representation of the profiles behind
'the reflected wave,. however, a step towards obtaining them, albeit in ;a crude
form, can be made by itilizing the- results, of the numerical experiments.
Whil-this is not compieteLy satisfactory, the lack-,of any other information
and thefact that this data is needed presently, is sufficient to justify this
approach. If the -iumerical experijments were more precise, i.e., the pressure
peaks were represented accurately, and if both the inward and putward flows
were, truly self-similar then this-'approach Would yield accurate values. Un-
fortun-ately, the ,pak values are obscured by the action of the artificial
viscosity--and an exactly self-similar flowis not obtained for either the in-
bound-or the outbound flow. It is urfortunate that Case 1, where 'the inbound
flow is loses6t to being self-similar, has a limited output, or better values
might have been construtted..

It is of''interest to note, that 'the outbound reflected wave
does not satisfy the strong shock conditions. Hence, one of the basic assump-
tiofns in the usual solution of similar problems is not satisfied. However,
the shock has constant strength which is even'more useful than the strong shock

assumption. Plotted in Figs. 149 and 50 are the pressure, temperature and
density behind the reflectd shock normalized by the peak values at the shock
front versus the radius normalized by the shock front radius, for Cases 1 and
3 (y = 1.67) and-Case 2 (y = 1.14), respectively. The agreement between
Cases ,l and 3 is good considering that the only data for Case 1 is for very
short times (i.e., distances) after the reflectibn from the origin when the
artificial viscosity effects are still strong, and they have'-entirely different
histories. Case 1 being explosive driven While Case 3 is not. It can be seen
that profiles,, not unlike a conventional explosion profiles-, result. The
pressure decays from the shock front and approaches A constant value as .- 0.
The density decays more rapidly than the pressure, as in the explosion case,
but does not vanish as -r -4 0 hence the temperature remains finite at the
origin. This is -shown clearer in the' linear scale of the insert. 'By compari-
son, Somon s results for the profiles at fixed instants of time and as func-
tions of time at a fixed point, for both cylindrical and spherical cases,
which are taken directly from Figs. 3 and 4 of Ref. 48, are shown, in Fig. 51.
From his figures it appears that a singularity in temperature should exist.
His figures indicate p -- const for r -*0 in the cylindrical case, but p -4 0
for r -40 in the spherical case. These results, which are incidental to the
main theme of his paper are not discussed, may have been plotted incorrectly.

The fact that the velocity field appears to have advanced knowledge of the
outbound reflected shock is also unsettling.

In Fig. 50, the profiles are plotted for Case 2, where y = 1.14.
The profiles are very similar to the preceding case. Again it appears that the
density does not vanish for r -+0. However, 'the asymptotic value is very small.
Whether the artificial viscosity has prevented the density from vanishing or
whether this is a property of the flow cannot be stated conclusively from the
limited data available.

The forgoing profiles were taken at an instant of time that had
enough points to adequately define a curve. If the profiles are truly self-
similar, then profiles plottel at other times should coincide with this one
or equivalently, the ratio of the origin value to the shock value should be
independent of time. Plotted in Fig. 52 are values of Porig/Ps and Torig/Ts
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for radii from reflection to either collision with the wall or contact surface,
whicheverogovrns the case in question. It can be seen from the figure, that
these values are c6.stanto over the inner half of 'the rajectory. As the pro-
files into which the shock is propagating become less self-similar away from,
the origin, the deviation is to be expected. The values for Case 3, indicate
a well maintained constant valie °of the temperature ratio supporting the non-
zero density asymptote argument.

Carrying the analysis one step further, the ratios are plotted
versus gamia 'in Fig. 53. The variation of the pressure ratio with gamma is
less than the scatter ,of the data, hence the only conclusion that can be made
is that the pr~ssure ratio is constant at 0.85 ±-20% for all values of gamma.
For the- temperaturep ratio, two distinct values are seen, Torig/Ts = 2.25 -for

S= 1.67 and T. igITS = 12.6 for 2 = 1.14. These values, which are plotted in
Fig .53 ind icat tha t.14

Fig. 53, indicate that the temperature- ratio has a singularity at y , I.
possible numerical fit to the two points, which is contrained to be singular
at y,= 1.0, is

T org 1.64
(2.128)Ts  1

as shown in the same- figure. It should be kept in mind that this, data may be.
seri6usly in erroi, depending on ho-0 much the artificial viscosity has depressed
the peak shock values. Much additional work will be required to pzoduce more
precise valuer., preferably an analytic solution to the reflected implosion

problem.

Reflected Implosion Fbase Trajectories

For a- classical implosion, both the implosion and reflection
trajectories 'have the same form which is,

6+2
2

t = K r (2.129)

The value of the constant for the reflection phase is greater thn. the value
for the implosion phase indicating that the reflected shock moves slower in
laboratory coordinates than the incident shock, as can be seen from Fig. 46.
For the one dimension'al case the reflected phase time to the incident phase
time is known, (for example, Ref. 19), and is given by

txp 1 (2.130)
t. p  2 7-1

which is- plotted in Fig. 54. For the cylindrical and spherical cases ananalytic expression does not exist but the single points determined for y = 1.4

and 1.67 by Guderley and Somon, which are plotted in the same figure show that
this ratio has about the same form as the one dimensional case but generally
decreases with increasing space index, v . Using the value for y = 1.67 and
an estimate of texp/timp = 7.5, for y = 1.14 and Eq. (2.129)) the expected
trajectories can be constructed. Shown in Fig. 55 are the anticipated tra-
jectories and those actually obtained. It can be seen that they agree neither
in slope nor in absolute value. It might be argued that the slopes are
approaching the right value as the shock wave approaches the sphere surface.
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However, it is in'this region where the worst comparison would be expected,
not the best, hbnce the agreement is- probably fortuitous. As i rough
appiokimation, a linear trrjectory-i.e., r Kt 6axfbe assumed, as shown with
Case 3. If the trajectories are extended to the outer waLJ, the time for the
reflectio~ phase can be determined. For Case l, only 3 points 6re available,
and an objecti e ,result cannot be obtained.. For Cases, 2 and 3, the reflected
ph~s~~e-tie is .140 ahd 30 Isec,, giving, foi the ratio texptimp, 3.3' and' 1.12,

respe'ctively.. Because case 2 required a lengthy extrapolatibn, itsprecisionL
is not as good as Case 3, which can be obtained accurately. These values are
plotted. in. Fig. 54. It can be seen they have, the same trend with ratio of
spedifi& heat 'as the .predicted curves, but are lower by a factoi, of 2 to 3.

It can be concluded that the trajectories for implosions in
spheres, are not -adequately describ5ed by the classical theory, as the flow is
becomn less and less classical as the cycle progresses, and numerical des-
driptions must .be sought.

2.5.5 Subsequent Cycles

As noted in the ifitroduction,-to this>'section, the detailed
print-outs for the three cases cover only one complete implosion. There
exists graphical output in the gas case (Case 3) for the pressure at the origin
through 3 cycles. Unfortunately, the tabulated information that is implied by
these plots is not available. However, even this limited look at later cycles
does allow one to 'sumise .what the character of later cycles may be like. The
'cycle -time for the gas case, was' 54.4 microseconds. The time between implosions
for they first and second, ,and second and third peaks of the printed output is
55.5 and 54.5 -sec repectively, indicating that for the gas case at least, the
cycle time does not ai pear to change with subsequent cycles. Further, the
pressure-time histori .s of the second and third cyCle, shown 'in Fig. 56, are
virtually identical with the first. It would be interesting to be able to
compare the temperaturwat later-cycles, since one would expect that the' re-
pe&ted shock heating would raise the temperature with cycle. This question
can only be answered 'when further data is available.

While the later cycles in the, gas case appear, at least as far
as pressure and cycle time effects are concerned, to be nearly identical with
the first, ,there is no guarantee that the exp'.osive driven cases, where contact
surfades are found will have similar properties. In fact, it is expected that
the shock wqill refract at the contact surface producing transmixted and re-
flected shocks which themselves refract ad infinitum. It is to be expected that
a fairly steady pressure will be produced after several (5 - 10 ) cycles have
elapsed. The average pressure will probably be close to the steady state
pressure which would have been produced by constant volume energy addition.
Further, only the first shock is explosive driven and has a large value of 6
(6 = 1.21). The subsequent implosions will'cxbW, behave as undriven
implosions, hence 6 will be much less, and consequently the peak pressures of
the second and later cycles will be much lower than the first

While there is no information to verify this, the expected be-
havior for the explosive driven cases will proably include a strong explosive-
driven first cycle, several weaker undriven cycles followed by a steady pressure
related to the equivalent constant volume energy addition pressure.
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2.5;6 Summary, of Roperties

From the preceeding sections -A considerable- iount of useful.
information was gleaned by a close inspection of the results from the three:
numerical experiments. It is worthwhile to collect -and summarize the key
points before proceeding, with further analytic work based on these fi°1dings4

Generally, the implosion phase of the cycl6'Por an impl6sion in
a- sphere can be ad4quately described by classical implosion theory mxodified
and interpreted in, the manner described by the "implosion, in a sphere" mode) .
The reflected phase is decidedly unlike the classical m6del an. considerable-
care and, restraint must be used in carrying over classical results. Specifically;
the ,following important points can be made.

1. Thd initial motion of the imploding-shock wave following the
detonation, of thi explosive at the outside wall, follows ideal plane explosion
"theory, (Fig. 28).

2. In the absence of any explosive , the peak pressure of the im-
ploding shock waves with r as r-5, where 6- is gyiven as a function of gbmma of

as he imls o cry of Guderley. Wh~ie ex--
t he gas as predicted by the classic implosion the
plosive liners are used and the total eneigy of, the explosive is at least equal
to the energy in the gas, 6 is constant at approxitnately 1.21 and is independh
ent of the gamma of thef -gas in the interior regiois or explosive. TY;1s effect
is- probably due to the expl6siye- products acting like an imploding piston, (Fig.30),

3. In; the absence of radiatie.&convective losses, the ,pressure,
velocity, and temperature become infinite at the origin at the instant of im-
plosion,, (Figs. 30 and 38),

4i The radial profiles of the pressure, temperature, and velocity
do not correspond exactly to those given by classical theory, but have sti6iger
radial dependences., This effect is probably caused by the wall velocity con.

straint, J(Figs. 31, 32, 33).

5. The implosion in a sphere model~gives a good representation of
the peak pressure variation with radius and the implosion phase trajectory,(Fig. 30 and M9.

6. A strong shock cennot be expected over- the entire trajectory,
unless initial pressures are low and explosive energies -are- large, (Fig. 34).

7. The origin pressure after implosion varies as t73/2 for all
values of gamma, suggesting the reflected• imploding shock obeys a similarity
law, (Fig. 4O).

8. *The gas conditions in the origin zone 4fter implosion are
governed by considerations, i.e., T /(Figs
42, 43 and 44). a(

9i Stoichiometric-oxygen-hydrogen at very high pressures and
densities behaves like a 7-law gas with y 1.14, (Fig. 41)
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10. The state profiles behind reflected imploding shocksare approxi-
mately self-similar, (Figs. 49 and 50).

U1. The reflected trajectories are aot adeqfuttely.-dsciEibed-by ,-lassicaltheory, (Fig. 55).

12. The reflected phase implosion time for an implosion in a sphere is
less than that predicted by classical theory, (Fig. 54).

3. FCOMME CALCUIATIONS

Historically, the development of accurate performance calculations
for conventional light gas guns has lagged their appearance by a considerable length
of time. While the first guns were reported in 19572, it was not until several
years later that detailed and accurate performance predictions were finally
achieved.15o,57 . It is reasonable to assume that the development of precise per-
formance calculations for a new concert ia launchers will also take some time.
An effort has been made to achieve as detailed and accurate a performance model
as possible in the time scale of the present work. The model which follows is
a semi-analytic, semi-empirical one. it attempts to use as much of the physics
determined in the previous section as possible, but requires a number of assumr-
ti-ns and empirical relationships to bridge gaps where no firm understanding
or dat-. exists. As such it represents the "statt of the art". Nevertheless, it
shoaild ne pointed out that this model does predict many of the observed features
of the launcher performance. As such, it has been very useful in understanding
the launcher and in optimization studies and design predictions. The ex jtance
of such a program should not deter efforts at improving numerical implosion
calculations by the addition of more realistic gas parameters, radiative and

convective heat losses, as well as boundary layer, model friction effects and
ablation. In one respect, the present analysis has the advantage that being
semi-analytical, it allows some insight into the reasons for various effects,
whereas a completely numerical program has the disadvantage that, given a cer-
tain set of initial conditions it produces a certain precise answer, while the
reasons are often hidden in the computational details. The present program
however, is still sufficiently complex to require the use of an electronic com-
puter.

The performance model replaces the detailed numerical calculations
of Brode, such as discussed in Sec. 2.5, y a semi-empirical, semi-analytic re-
lation which gives the pressure-temperature-time history Cf the gas in the
origin region. Since the total amount of mass which has passed out into the
barrel is small compared to the total mass of gas in the chamber, it is assume,
that the barrel and chamber processes are uncoupled. This is satisfied for the

present experiments. For example, assuming a uniform density distribution, the
worst condition occurs for the 5/16 inch diameter, 10 foot barrel, which has a
barrel to hemisphere volume ratio of 6.8 x 10- 2 . The uncoupling of the two pro-
cesses makes it possible to solve for the chamber flow properties independently
of tile flow processes in the barrel. The flow in the barrel can then be calcu-
lated knowing the chamber origin conditions.

The time dependent origin conditions are taken as the input to
a calcalation which assumes a "quasi-steady" flow at constant gamw.:a. That is,

48



Y11

the pressure at the b aa of the projectile is assumed to be that which is obtained
by a steady-unsteady (.hambered), constant gam, expansion from the 7eservoir
condition which exists at that in,.tant of time. This force is then summed with
a friction force and a counter-preszr,? force and an acceleratioa.is produced.
A small step in time is taken, the motit: noted and the calculation repeated

with new values corresponding to the now time. The details of the model will
now be examined. Particular note should be taken of the assumptions made since I
they are directly responsible for accur&cy of the model. In the last part of
this section, the performance predictions based on the model will be compared

to the experimentally determined projectile velocities for gas and explosive
driven runs and the discrepancies, between predicted and measured quantities,
discussed. ,

3.1 Mode! of the Wave Dynamics in the Hemisphere

The conditions in the chamber are calculated following the
"implosion in a sphere" model developed in Sec. 2.4.1. The pressure and sound
speed are knon to v -y as -3/ ari t-3/4. (7-1/7), respectively. Hence only
two constan-ts are required to completely specify these quantities. These con-
stants are fixed for a given case by the chamber size, explosive weight or thick-
ness, explosive energy yield, and the initial gas mixture and pressure. The
cycle time is required to complete the model. A characteristic time, t*, is
introduced to roduce "flat topped" profiles for t < t* (see Fig. 57) and in a

rough manner attempts to account for th: radiative and convective losses in and
near the origin. Further, the initial calculations indicated that the calcu-
lated performance was unrealistic if all the cycles were considered to be
identical. An attempt was made to improve the model by introducing a loss
which depends on the particular cycle. It should be kept in mind that this
kind of behavior has not been rigorously demonstrated and it may be only an
empirical correction which permits better agreement between prediction and
experiment. However. mass flux from the chamber and heat losses to the wall
would be ux.pected to reduce the pressure with each succeeding cycle. Further,
in keeping with the comments made in Sec. 2.5.5 only the first cycle is con-
sidered to be explosive driven i.e., 6 = 1.21. The second and subsequent cycles
(all cycles for a gas case) are based on 6 of the particular driven gas being
used. Diagrams of the assumed pressure and sound speed history at the origin
are shown in Fig. 57. The various supporting calculations and assumptions will
now be discussed in detail. starting with the outward propagating detonation
wave and progressing through the cycle.

3.1.1 Post-Detonation Wave Conditions

The detonation wave used to initiate the explosive must be con-
sidered because it sets the initial conditions ahead of the imploding wave.
Unfortunately, it generates flow profiles which ar not uniform over the entire
region behind the wave, (see for example, Fig. 58). To account for this non-
uniformity would be a cumbersome task, hence for the present the initial condi-
tions for the implosion phase are assumed uniform over tLe entire sphere and
taken as equal to the origin conditions of an ideal spherical detonation wave.
In other vords, the spherical expansion wave that immediately follows the
detonation front, is disregarded. Implied in this assumption is that the inter-
action of the imploding shock wave and the expansion wave is not a dominating
feature of the flow.
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To obtain the properties in the central region, requires the
solution of the comDlete spherical detonation wave problem. In principle this
has been done by Sedov2 d, but numerical so" Tions are available only for very
few cases. Sedov gives (from plots) as the conditions across the expa-nsion
wave of a spherical detonation for 7 = 1.67,

orig 0.26o (3.1)

PD
Since the flow behind the wave is isentropic by virtue of the constant detona-
tion wave velocity, the other quantities of interest can be calculated
immediately from the pressure using isentropic flow relations. For this case,

o 0.584 (3.2)
T D

aDa. 0.765 (33)

These values vary considerably with gamma and since the gammas of interest are
more nearly 7 = 1.1, it is necessary to determine these ratios for a range of 7-
In principle Brode's numerical results for the impLosion in the spheres shc-I~d
yield these parameters directly for 7 = 1.14 and 1.67, but in fact, the
artificial viscosity has decreased the peak detonation wave conditivns to the
point where realistic values cannot be determined. Fortunately, calculations
have been made by Mantson 56 for a C2H2 + 02 mixture, for which 7 = 1.13. He
obtained Porig/PD = 0.317 for this case. A linear fit

0rig/PD = 0.330 - 0.107(7-1) (3.4)

was applied to these two values to estimate values for other ratios of specific
heat. It appears in Fig. 59. As most of the performance predictions in this
work are done for a stoichiometric mixture of oxygen-hydrcgen, a value very
near to k&'son's value is used and no large extiapolations are necesary, hence
errors introduced by the liner fit are minimal. (It is anticipated that a
numerical code which will calculate the spherical. detonation wave ratios for
any gamma will be i-vailable in the future and the oresent linear fit could be im-
proved.

The conditions irmediatoly behind the detonation wave in the
gaseous mixture were taken from Benoit 5 0 , whr) did delai.ed equilibrium real gas
calculations for detonation waves in mixtures of the type, 2H2 + 02 + nile +
mH2 for values of 0 . n < 6 and 0 < m< 6. in general. the values PD/pi,
TD7T,, ar/ai, and Y are functions of initial pressure, mixture and initial
temperature requiring a three dimensionel array for each of the three ratios
tabulated. Since the initial temperature for the present experiments is - 298K,
only one value of temperature neid be considered. While a rangc of iritial
pressures of from 100 to 1000 psi is possible, the values used in this model
were taken for pi = 10 atmosphere"s, as the variation of PD/Pi with pressure is
small and will not significantly alter the results. The ratio of specific heats
is held fixed for the entire calculation at that value obtained for a 10 atmos-
phere initial pressure. The absolute variation of 7 with initial pressure for
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the detonation wa:,e properties is small. Ufo-rtunately many of the other
7-effecta in tLe. program occur as (7-i) factors and smell variations in 7 are
magnified in the results. It is felt that of a32the assumptions made in this
performance model that errors introduced by this a,.srtzptioi are primarily
responsible for the di-Pcrepancy between predicted w.d measured values.

3.1.2 Implosion and ;eflecz1on Fnases

The behavior governing implosion phase of the &iving cycle is
take- directly from tte "implosion in a Spnerv" model of Sec. 2.4.1. The con-
dition. left at the origin by the reflected implosion wave are calculated using
the technique shown schematically in Fig. 45 and disc-.ssed in Sec. 2.5.4. For
example, a characteristic radius r* is assumed and the pressure left by the
inbound wave at this point, Pinbound, is calc:'-aed using Eq. 2.98. As dis-
cussed in Sec. 2.4.1, for gas cases where only s single value of 7 is involved,
Eq. 2.98 can be used directly using A as obtained -or the numerical calcula-
t ions of implosion profiles. When an explosive is used this procedure does not
work because A is not determined properly. Ir. the al1-.nce of any rigorous
method of evaluating A for a two-gas mixture, a nimerical represe.t.tiun

A = 0-3/(7-30 (3.5)

is used. It predicts the peak pressure curves of Fig. 30 within ± 30 percent,
and is equivalent to assuming that the ratio of internal to total energy, for
cases having two gases, is 0.3. This pressure is taken as the shock pressure
at that point, for the inbound shock wave. Knowing all of the conditions ahead
of the shock.and the strength, the shock Mach number can. be calculeted using
Eq. 2.4. The temperature immediately behind the shock is then calculated using
this shock Mach number and the shock temperature ratio, Eq. 2.5.

Next, the pressure immediately behind the outbound shock at r,,
Poutbound, is calculated by noting it is the product of the inbound shock pre-
ssure and the reflected shock pressure ratio. As noted in Sec. 2.5.4, a good
approm-4mation to the reflected shock ;p essure ratio appears to be

Y 2A-L (3.6)

which is assumed here. A shock Mach number is calculated from this ratio using
the ideal shock relation, as this shock is weak. The tempera.ure immediately
behind the outbound shock is then calculated using this shock Mach number and
Eq. 2.5.

The origin dressure and temperature correpponding to this point
on the trajectory are calcalated from the peak shock values using the results
uf Sec. 2.5.4, i.e., Fig. 53

Porig/Ps =0.85 (37)
T /T- 1 .64/(7-1)
orig s

To complete the calculation, the time corresponding to this
shock positicn is required, hence the outbound shock trajectory, must be known.
lt is assumed that for gas cases the implosion phase time and the reflected
pha-e time are identical. Where the explosive energy is much greater than the

51



,as energy it is asr-umed that the explosion phase time is related to the i !o-
sion phase time by a numerical fit to the data of Fig. 54, whicn is given by

te t = 0.7/(r-.) (3.8)

exp' imp

F'r cases in between, these two relations are weighted and avcraged according
to the energy in the gas and in the explosive. The time corresponding to r. is
taken as

t. = t e" r./R°  (3.9)

which follows directly from the assumption that the outbound trajectory is
given by

r = Kt (3.10)

As discussed previously this representation is the best general representatiow
that can be obtained from the limited existing data.

3.1.3 Cycle Time and tU

The c3cle time is defined simply as the sum of the implosion
phase time and the reflected phase time. The ratio of explosion phase time to
implosion phase time was discussed in Sec. 3.1.2 and only the absolute value
of the implosion time is needed. The time for the implosion phase is taken
from " -1,osion in a sphere' model and is given by

timp= 2- 3 1 Pi2 (3.11)

with 6 being taken as 1.21, aid A is talkcn from Eq. 3.5 for cases where explosive
liners are used and y is the gamma of the interior gas. For cases .-in nu
explosive liner, 6 and A are based on the gamma of the gas after the results of
Sec. 2.3.

As noted in Sez. 2.5.3, the pressures approach infinity as t
goes to zero. This cannot be handled analytically or numerically. Further
this implies an infinite impulse hence infinite projectile velocities, which is
physically unacceptable. In practice, radiative and convective losses near the
origin, finite diaphragm opening times for the first cycle, the possibility of
instabilities in the spherical imploding shock rf-sulting in a focal region
rather than a focal point, would limit the pr-ssures and temperatures at the
origin. It can be assumed that if the appropriate equations were used, as for
example the Navier-Stokes equations, that analytic results would also yield
finite pressures and temperatures. At present there is no known method of
predicting a limit analytically although future work will have to be done along
these lines. To reflect the physical situation, the pressure profile is
assumed to ha',e a flat top, as shown in Fig. 57, at a value p* from time
zero up to a time t*, where t. follows from .he assumed value of r.. For the
explosive cases the pressure and temperature, pf and T. are calculated using
= 1.21 for the first cycle. The second and 4absequent cycles are b~ased on
corresponding to the ratio of specific heats of the driven gas as suggested

in Sec. 2.5.5. This follows from the fact that only the first implosion of an
explosive case is d.ven. All the later cycles a-e expected to behave as un-
driven implosions.
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It should Oe noted that while the first cycle of the implosion
I has been examired in some detail and that while the indication is that the later

cycles may not be ub;ta.tially different from the first, at lesst for the gas
case, it remains in fact t ha tr.e repeated shQck compression of thia gas and
losses to the ;,alls through ea4dation and convection will alter its conditions,
At present ther- exist- -o information about the conditions in cycles subse-
cuent to the initial one, although exterAsions of Brode's results could clarify
this point. These effects and an. overall loss meer.anism are lumped tcgether
in a "loss relation" which has the form

p(t)N = ( 9 (3.12)

The pressure-time histories for first cyclesare taken as calculated above.
The pressure histories for the second and sub-ceuent cycles are taken as the
first one adjusted by the "loss factor" (i - 8)[N l) where N is the cycle num-
ber. The decay parameter e is essentially a disposable constant (system para-
meter) which can be evaluated by matching the results of the program with the
results of experiment, for a given initial condition. The method of evaluatin17
e will be discussed in detail in Sec. 3.3.

3.1.4 Comparison With the Numerical Experiments

It is of interest to compare the results of the cal;ulation of
the origin conditions with the results of the numerical experiments. The com-
parison will establish the accuracy of this part of the perf.irmance model and
will indicate what degree of precision can be expected from t:e total per-.
formance program. It will also allow the source of the deviations between pre-
diation and measurement to be pinpointed. It should be recalled from Sec. 2.5
that the numerical calculations for cases i. and3 used an artificially con-
strained gaseous mixture. The value of gamma for a mixtc-re of 2H2 + O2 + 7He
was assigned a value 1.67 although a gamma of - 1.27 would hve been more
ac-,:rate. In order to compare like quantities, the same constraint is made in
tht_ -resent calculations. Since this constraint makes inconsistent many of
th - Lo'onation wave calculations which are used to calculate sound speed,
temipraltire and pressure prior to the implosion, Brode's values for these
parame~e.e' are used directly. For Case 2, this step is not necessary and the
calculatio:s are made directly fxom the initial conditions. The results of
the calculatinis and Brode's values are tanulated for comparison in Table 7.
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1 1 'sa 02 n o.1 inch TNT Liner

lor this case the assumed initial conditions 1-re: a chamber
radius of 20.6 e a gamma of 1.67 and post-burn conditions &t the sphere
center region (which -were taken from _-ode's results) of 20000 K and 500 psia.
A sound speed 0.204 cm!tsec :fas caic.latel using this temperature and the state
equations, (Eqs. 2.12) assumging a perfect gh-, The comparison was made at
r. = 2.0 cm., which for the assumed trajectory ocu 1-red at t. = 1.23 Psec.
Brode obtained a time of 1.80 isec, for r* = 2.0 cm. He obtained a peak
pressure and temperature of the imploding shock at this posi.tion of 1.25 x 105
psia e.d 1.0 x 05 OK respectively, whereas the present calculations produced
1.2 x 1,5 psia and 1.3 x iO5 0K which are in good. agreement. On reflection,
at t*., he Notains p = 4 3 x l0 sia and T. = 3.4 x 105 OK, whereas the pre-- sent model produced p. z, 2.2 x 103 psia and T. = 4.4 x 105 OK. The calculated
implosion time of 12.0 psec. compares roughly with Brode's 17.3 pisec. His

total ccle time is not available but the present calculation predicts 24.31 sec. It is 8een that while the implosion phase results are in good agreement,
the comparison for thse reflection phase is not too satisfying. The predicted

pressure is approximately a factor of 2 too low whereas the predicted tempera-
ture is approximately 30% too high. Unfortunrtely this is the best that can be
done for the explosive cases with the presently available information. This
same order of agreement is obtained in the remaining explosive case. The gas
case results however, are in much better agreement.

CASE 2: 1000 psia 2H2 + 02 - 0.1 inch COMP B Liner

For this case, an initial pressure of 1000 psia and a 2H2 + 02mixture were assumed and the method described in Sec. 3.1.1 was used to calcu-
late the conditions immediately ahead of the implosion wave. This method pre-
dicted 6400 psia and 36000K for the central conditions left by the expanding
detonation wave. By comparison, Brode obtained 3500 psia and 19000 K, the
difference being a factor of - 1.9. This same relative error is carried through
the calculation and as seen from Table 7, the predicted pressures and tempera-
tures for the inbound shock and at the origin after reflection remain approxi-
mately 1.5 to 2.0 times greater than Brode's values. The predicted cycle time
is low,but t. is predicted favorably.

CASE 3: lO0 psia 2H2 + 02 + 7He - No Explosive

For this case the initial conditions were the same as Case 1
except that no explosive was used "r i the chambcr radius was reduced La 10.0 cmc
The comparison is made at r. = 1.0 cm. which for the assumed outbound trajectory
occurs at t. = 2.44 gsec. This compares quite favorably with Brode's value of
2.22 Psec. The performance model predicts a pressure of 9330 psia at this time,
the numerical experiment gives 9000 psia. The predicted implosion and explosion

phase time are 24.4 gsec which agrees well with Brode's values of 26.7 and
27.6 .sec. respectively. However the predicted temperature at t* of 25,000°K
is 40% higher thca Brode's 18,000°K. The peak values for the imploding shock
at r*, are in very gocd agreement with Brode.

In sunmary, it is seen that the model gives generally realistic
values of the paraieters. The accuracy for the gas case is good, the error
being generally lss than 15 percent. However better accuracy is to be de-
sired for the expIosive parameters which at present cannot be predicted to within
2. It should be noted that the value taken for r* has a strong effect on
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the agreement. The above cases were- compared .at -R0/l0 to be self- -:
consistant. If r4* were tdken at twice, -or fialf of' this-v1:ue,._ thnthel
agreement would change 4 Foia examiple, values for the gas cse, whiah, weretb'

at r* = -0.5, 1.0 and 2.0 are showni ir± Table 8 -kith'the orrjespndiig valus
.1rom Brode. it c an -be seen that the inbound shocki Values-are 4re~ted ve(y. I
well for all thr'ee cases indicating, that the implsion phaei 4pel ~
sented. On reflection how,,ever-, the s§ituatio deeirits For r.t=0;the
predicted pres sure is too low and-the temperature too-high. For r. - '2-,; -thet
,situation. is aimost reversed-. The problem is clearly with the -Preseftt'repri~entab-
tions off the reflection phase which as was shown. previously in -S .2-. 5, is -not
nearly as well in hand as is the .Implosion pase,. -

3.2 _10del of' Barrel Processes

.1The processes by which the ta;---,ear the origiin flows Into,-th6
barrel, expands and accelerates, tne -projectile is very complexj. An- et, -com-
puitation would include ,the time variation, of the g_=d -,L the- origin, -gas-chemistiy
effects, viscous and radiatiVe losses, projectile frictibn, nd cntrpesue
to mezntion a few. lNcequilibrium chemical kizmtic -effects. may also -have to be

incox~oate sice he emperatures are very.,high and densities _-arelrg nog:1that cotvolume effects may become important, To account for, all ofet-th e ffect.
Would be - formidable task. In thle prsn nlyi -n Ztp -smdet

accoiL-t -for ef fects that ccl-dbe handled ana-lytic~ll-y. 09ther factors, pome -of'
which (like radiation and ablation) ri.4j be dcilinez-t. viill 'have to be studied at
a later date. In ths remainder of this -section. the -detals6 of, the assinied ex-
pan;-ion process, friction, and. 9ounzter-pre s sure representatiais-Wil"I be discussed.

3.2.1 Assumed Expatfision. !4odel

The t iv.e -d,:.-pe n de nt origin conditi- ons- are taken as thea input to a
calculation which assumes stepwise ste--.dy f'lo-e at a fixed- vealue of gamma. For
example, the pressuxe on the base of' the projectile at any instant is assuiied
to b-~ that which is obtainecl by a constant gammia, steady-unstead-y (chambere) q
exr .ns ion from t*hs-- rezservoi:r. condition that exists at that instant of' time to
the veloci-ty which the projectil~e has at the same instant. -As very short
(1 psec) time stepw are taken in the calculation, this representation if. fairly -
accurate duxing the oirst f0ew oycles. The projectile is still near the okigin
and the sound speeds are znfietyhigh that the time for a sound wave to
travel the distance from the crigin to the projectile is small compared with the
sime over which signilficanit changes occur in reservoir properties. During later I
cycles when %"he projectil~e is far from the origin, this criteria is generally not
satisfied. For low sour. ep, eds arnd long buxrels it iC possible that there 1
may be several shock waves, repr-esenting the impulse from several cycles, still
moving in the barrel., which have not caught up with and acted on the projectile.
However, jurst as the projec-tile is not aware of' the increased pressures, by the
sae- reasoning, decreased Vressures will, not have had a chance to act on the pro-
jectile. Hence the effects are opposing and are expec'Ged to canc!1 in part.

The chambered. driver is accounted for by assuming a "steady-
urstedy ex~enzirt. The ecqt-ations for an infinitely chambered gun were
published Ivy Glass 1 _ C?. Wor flow velocities less than sonic a steady expansion
:s assumed and tche piess-wre at -the projectile is given by
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! E2 - a - (3.13)

Porig 2 rig

When the projectile velocity is sonic or greater, the pressure at the projectile
is obtained through a two part expansion, i.e, a steady expansion to sonic condi-
tions followed by an unsteady expansion to the velocity of "nterest. The
pressuae ratio across this process is

1
pro2 - / r 1 (3.14)

Porlg 2 aorig

3.2.2 Analytic Representation of the Projectile Friction

The state of the friction acting on a projectile in a barrel
is very complex, since in reality heat-transfer, ablation, dynamic sliding fric-
tion and non-rigid barrel effects all ac simultaneously, This problem has not
been considered in any detail in the literature. However, estimates of the
friction force can be made from simple considerations. Since the friction
force is not a dominant one in the dynamics of the projectile, large percentage
errors can be tolerated in its determination without substantially effecting
the overall-performance. In Ref. 61, an analytic estimate of the friction
force is given based on a simple model. From the solution of t.he equation
relating the state of the stress in the projectile to the applied loads and
the requirements that the stresses along the axis of the projectile 1-e finite
and that the deformation of the outside diameter of the projectile vanish, it
was shown that the normal stress at the wall are given by

P P3 - P2 (3.15)

where V is Poisson's ratio.

For a linear pressure gradient thr igh the projectile the frictional force for
a one-caliber projectile is

frict 2 r2  P3-P2

=Tfs - 2 (3.).6)

where f' is the coeffic.ient of sliding friction. For the present performance5
program, fs and p were both taken aL 1/3, which is representative of p over a
wide range of materials and roughly true for the coefficient of sliding friction
at low velocItles for plastics. However, the coefficient of sliding friction
generally dp re.nes as velocity increases at least up to several thousand feet
pei Tinute. F'or ve~lcicties greater than this, no data exists. The friction
force representation azsumed here is probably larger than the actual one, hence
its effects on the final velocity is -robably overestimated.
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3.2.3 Analytic Representation of the Counter-Pressure

The projectile mwovirg along the barrel acts as a piston and com-
presses the gas ahead of it t1.LTately creating a shock wave which travels at a
velocity in excess of the po.-Jctile velocity. The shock velocities involved
are large hence the pressure behind the shock wave can be several orders of
magnitude greater than the rressure initially in the barrel. As this pressure
acts counter to the driving pressure, it decreases the acceleration and-degrades
performance. If the iiitial pressures in the barrel are kept very low this loss
due to counter-pressure can be held to a negligble level. For cases where
barrel pressures must be high, for example during photographic flow studies,
this effect will degrade performance substantially.

Seigel" has shown that the pressure produced by an accelerating
piston can be approximated to witltin 10-15 percent by the pressure produced on
the piston at the same instantaneous velocity in a non-accelerating case. The
counter pressure P2 can then be determined directly from the initial pressure
and the piston (projectile) velocity, by combining the equation for the pressure
jump across the shock

p2 2  2 2
- - U a° (3.17)
Pl 7 +i S 0

with the equation for the particle velocity (piston velocity) behind the shock
uuI
u2 _ 2 j p(3.1.8)

us  7+1 US

which yields

= , -- ,(3.19)

To account for the acceleration effect in an approximate way an arbitrary factor

of 1.15 was introduced. The counter pressure equation used in this program was

P2 l~ Y(+)
P0  .~,j.i\ / 2 (.20)

3.3 Performance Using Gaseous Drivina

The performance model up to this point, predicts the projectile f
velocity-distance history up to two disposable constants, t*(r.*) and e. If the fl
logic of the model is valid then these constants. which can properly be called
"system constants", if evaluated for one case should remain valid for all other
cases and the velocities predicted should be in agreement with those obtained
experimentally. Initially, experimentally determined velocities for two barrel
lengths were taken as the pivotal conditions and values of r. and e were
iterated to obtain values which would match the program to the two velocities.
Unfortunately the non-linear nature of the velocity-distance profile did not
yield reasonable values for r* and 8 . In th. absence of any other workable
method, r* was fixed at the projectile radius and 8 = 0.05 was determined by

matching the program to the experimentally determined velocity of 6660 ft/sec
obtained using a 60-inch barrel, a one caliber polyethelene projectile and an
initial pressure of 300 pzia of rtoichiometric oxygen and hydrogen. This value
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inta ressurzes of2Oad ,0pi frarne f42Outvso > >0ad
> > 0 ex- nim at ta is fkm 3f 63. it 'is see-- t hat at '-=e
s'ocatriC conaliticn =- = )ta ' -a O -i

higjher thnthe Measure- velccity advs es ~20~saI

as t-a-reviously. it is also z-een tnat th-e decrease in- velocity tha
Ojogl 2 imtecu odte 200 as
a Lixtureaes a-iacy fre~ stoichiwoetric pr-edicte by the -ode is =z

case -is the result of an increase i= the~ nmrber ze- cyzles expta-enceE by the
proecileasthedi".tion is i=creased for this barr-el le 'g- . As thI

&iiin sicreased, the cycle ti--e decreases =aking it ro sible for- t~he
mroJectil e to exre--silce an additacnal cycle bef.ore it leaves the ba~rrel. For
tbe WO0 osi -as'e for thnese initial conitions th er-~ of cycles (H) was
the sarme (11)0 for a'll of the diluations and no "1joie appears in cne predicted

~fctv ve. mihe data of Ref. 63 al0so indicates a semeotA transition fr-oa detonating
corbustioa, indcared by the filled symbols and deflagraiing cozmbustion,
indicated by the opan sy;:bols, and would suggest that the projectile velocity
frz gas- driven xrus is independent of tN- mode of cozbustion. This point Is
r.-scu-sed furttier in S3ec. 3.5.

j The difference between poredicted and measured trends wilth
Jdilutiov can be ex-plained partly from cycle time considerations. Ir. Fig. 62
the Dredictee, cycle time xz clotted versus dilution index and compared with
the measured 2, Llea tzmez- of ef, 6.it can be seen that the pDredicted times
are too long by factorz ranging fr.-m 1.3 to 2.0, and that the decrease in
cle ;iewith diltionz is riot aaequately described. Recall that, as t

cy'cle tiLe de-,reases more i&1 Jralses Alil be felt by the projectile for a given
time (or barie! length) hence its muzzle velocity will be greater. The rapid
decrease in tiyc4,. tifit observed in practice tends to counter the velocity
drop dae to Jlluti-an effects alone by increasing the number of cycles that are
experienced by the~ Drojectile. From a close scrutiny of the data it can be
seen that for th, 400 psia case for example, that "jogs" occur in the measured
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lagest f r r-tarn .3 Zbe vel-cZity increzase er cycle is felt during the f~rst
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* conrt;inLuu c~ s D~nE osnavor cay exo-lain scc-e of the zeatter '&. I.--
data- of' Ref. 63. since s---11 variations in if'ao. Unehy coincide wih
cordZitions near the b-g r of a cycle, can- zro:_xee stabstatial Vartons in
-velocity. Tn this respect, cocmpa-rin zj t data with a -velo,-ity band.E defIIned by
smoth cur-ves Zthruzd.h the Cure eztre:eas is Lrobably more m eanLY'-lul, than cc-v
r.aring it directly with the discontinuous curve

Plotted in Fig. 65 are the ap-asured ann oredicted projectile vl
ocities as a -function of Projectile density, for -3.22 inc!: dianeter, one caliber
projecitiles using an initial driving =1ixture of stoicthio=zetric oxygen alled hydro-
gen at, 100 and 200 psia. The dta corresponds to polyethylene (p = 0.002 gramms/cc)
and teflIon (p = 2.15 graminscc) projectiles and is fr-m Ref. 63. The absolute
value of velocity for any particul1ar density is 20-40 percent low as could be
seen from the pieiioas figures. However, the trend with density -is described
reasonably --ell by the present model.

In sunmary. it is seen that the predicted values of' velocity are
generally realistic for the gas case although better precision is certainlY to
be desired. How; much of the agreement is due to the judicious choice of the
pivotal condition cannot be determined from the presently available information.
T-1s and the other questions will be resolved and the model consequently improved
h:y additional numerical soluAtions that will allow better resolution of the de-
'ailF uf' the chamber dynamics than can be obtained from the three numerical
cases presently available. The development of complete numerical analysis is
presently in progress at UITIAS and is expected to be ready in the near future,
at whieki time many of these questions can be answered.

3.4 Performance Using Explosive Driving

The crucial test of the implcsion driven launcher is the proof-
firing using explosive-driven implosion waves. While explosive-driven runs

59



hetbeen am, tby kare n oe with szv--;z- atcr-,-s f expizsive b--canse

____~..ocs(me Sec. 5.1.2) that gene byperrelocitiles, (3D),OMO
to 5i)- ft b eea dbtaic- to absew 

-- S7, a_ be -mc! to Z-- ' ade to azTjaae e ' '- in excess
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_cz atvi r_ dO allai E_ as fa1 Clew- uiste of to-
farmare ar tbais CLLi~CCM;-pt to be~a!

ZWO s ~sf, ex?-lsiree dz-en- - = h e been Md -. Vbe !frst

ose-re usm le.,-: =1 aha e e=I--=f se re wa e -mte afr thh u

ea--. ive P- ! . aAftsio _er frwoas dep-- -- that gou d e
ate osstred - intial res e otbe sexies of ree was cate using the I
i-7-q) Ine two er- ies of rugnt in now be discussed.

, theldiscussion of the res- -s of t -he explosi ve itato-
'd in se.4, it be sno.-n Zat lead aide has marte esro-er+ies that

~l~v-it a_ very desirable oatn--rial fo c ieo aivelysaxey
as poited Get to the aathor by -!hiff &%Hv.,;cc; - and K-uf f'~ even in a
situax7 5mth -Aater, in 1which .11-6 it a rdsyto~~zo erle-vl ae
ahe oazd of =sing th- .aterial is such as to preclde its use on a day to
'daybasis--f ar amm=-t over a few 3hundred mligrazs. At the- tiete hamze-rd

as ited u t, a series of v. ezeoize lax uer perforarce das uodera .
Of t series, fi e ha already been r"-. While the series was iraer o
ter'iest-ed and no fortr r ead-s have been ceae usih tsexperstr the data
obtained f-o -'h rtuns have -been of considerable J-3-1 udrs~ndr and
evao , " '.e irlosion driver. eroe a--- initaataion poine of tiee, nt!-nese tests
--re closest to tae ideal since thie lead azide hs- been 2?Our. '-' be iiitc
virta l eay instantaneously at the heoiitions ivestigated (100 =-I& - See See.

4.7.5) ence efectas due to ignitib delay are absent

During this series of runs, an itis ti n limtainwas ii
vneovered. The then existing Velocity measuhing systen was found to ne
able of detecting t ae 0.22 dianeter F .etiles et eIoAti over 9300 ft/e
As a result, a direct masrement of veloci was obtainde only fo the single
9 g (wet) charge of lead azide. All the other veFoiit.es were inferred from

3 ieh ereeon lead targets pointsthat the pehetcop varied as
th rdicted The pentration law was verified by the peretration datand tisa
were avilable at this laboratory at the time. Since -that time ,the velocity
measuring system has been replaed by one capable of detecting projectilies
cell in etcess of any velocities conte -lated at this time. 'ence thlis indirect

velocity measuring method i s Als longer used. The penetration data and the
assumed ex..rapolation are shown in Fig. 65. The extrapolativ~in is f'el-t. to be
conservative. The projectile velocities obtained from the lead azide runs are
tabulated in Table 9 and are plotted in Fig. $6.

While there are only 4 data points involved, when. compared wi~li
the predicted velocities, and analyzed in light of the present u-nderstanding of

the mplsio drvin prceses-hey are very useful in assessing the validity
of the implosion driving concept. Also plotted in Fig. 66 are several auxiliary
curves which will aid in the understanding of the implosion driven launcher.
The results and predictions of the stoichiometric gas case are also plotted in
Fig.64 for comparison. For the gas case, a single value of energy is sufficient
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to categorize Z!:e Froble= zo _hec is no ambiguity im th i5ezrezation off tkhe
data. For the explcsive ranS, the a has b---n p11=,ed versus the e.-rgy con-
tent of the exD!wie lier only_ as =Ucate d by the fiLied symbols; a so
the total eneragy (gas eergy pls ex26losive erep-y) in t:e chaber as irfficated
by z-e omen sy_-bos. in t'=e zbze.e of a h ohe. inor-aticn the data 2apzers

'Pdeine t,~srih ie. hl hr is no a bgaity in using telower
end o.f trhe ev_-es, whch zve to extrapolate to us-- for the_ higizer end Is not;
ci'tar from the data alon-e. P?.0oted also in 7ig. 66 are the i=Vdicted Values of
Velocity based on t total (gaOt-exphlosive) energy. laile t absolute value
of the prea.-ied veloc-tie3 is 1-5 ties those =easured, the theory clearly
izdicatwes that a ct-7ed !I--i __ i vne is -to be ezzectel Up3 to totaft en-rgies4

cs as -- 6o Kca. . For wtal energies greeter than 60 k.!, a str=
' relatin& velocity to the squa e rmt of eezra iS indicated.

it shoruld be noited thattT redict.d perfernance han a veiz'r fl~at
sloppe for the initial zr of t-e cmve -ndicating that large percentage gn
can be obtaine for relatively s". _ a--nts of e losive. Part of this is due
tte 4wi "-It of te .resent odel t =ak-e a s roth transition between a
"'gas only" and an exul1osive driven case. owever, the data iicates that this
is at least mart true, eice the slope of the experienta! curve is init-azy
very f a'-rabe For te hJ er total energes the predicted velocities becoze
DroDorional to the souare root of Vhe Iot ergy. Tbe prediected velocities
are seen to be about 50% greater tan those actually- obtained indicating either
that losses hich have not been conside.rmed in the_ performap.ce program or which
hzve beef uderest._ated. are presen; or that better Derforance could be obtaired
if ereri-ental losses, such as gas "blor by", for exa-ple, could be ovrercoze.
-Usin-g-e: exrano ion froin the two igh -st energy data roints indicates that

350 kcal of eneray is re ired to reach 5 ,X ft/sec for this proectile and
a 60-inch barrel. As cna be seen frcm the exilosive weight scale, this
corresponds to an .tIosive weight of 2.630 'k 1*&rwm , which for lead azide
would yield a liner thickness of 0.985 inches. imcreased radiative losses at
the higher temperatures icr .Led by this total energy, may cake this extrapolation
ontimistic. For exaole, the- calculated Deak temperature for a run using 1000 Kg.
liner of lead azide is ?.7 x 106 OK. At these temperatures radiative losses
would be ex-peczed to damidr-te the entire flow. More accurately, the radiative
losses will proowbly not ermit the temperatures (and pressures) to reach this
level. The calculated maxim-m pressure and temperature reached at r* during the
explosive driven first cycle is also included in Table 9, and indicates the
degree of severity of t-e ewvironment that the projectilz must survive albeit
for only a short perina of tim-..

Also shown in this figure is .he predicted velocity for a 500 T ;i
case. It hes essentially the same shape as the 100 psi curve except that it -s

translated up and to the :ight, on this plane, indicating that better perfordrnce
could be obtained for using higher initial pressures. This point will be
investigated in forthcoming experimental work.

A very significant point concerning the overall performance of
an implosion launcher is brought out in this figure. Recall in the gas driven
runs that the relocities obtained for detonation and deflagration combustion
runs were almost identical indicating that the effect of the mode of combustion
on performance was unimportant. (it will be shown in Sec. 3.5 that this was the
result of a fortuitous choice of operating parameters.) In general, the implosion
driven launcher is very sensitive to ihe mode of energy addition. For example,
from the figure it can be seenr that if, say 45 kilocalories of energy is re-
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leased in a gas run (200 =si) the resulting3 prOjectile velocity will be f 70~
Iftesaze ansat of energyw is released, bat in a 1:1 ratio of gas ernerigr to~

ex-plosive energ7 (10o _psi. gas a~d - 20o grazs of lead azidle), -1.4,030 tis
obtaided, 2.14 times as gret. Clearl114j the mc-th-od bT Vnich t , ergy, is vfd0
has ca:nsider-able erigon th-_ resultina 7yeiocity-

PAlso sltmAm_ in this figure is the larojectile energy in f,'s
calories, correscorAing to the velocity ffor a 0.22 di_-ter, sirgle-cl44ber,

I o~ytbyer poJectl e., ania grid indi cating the percent of totzl i=~tyA that
is~ transferred to the- "roeatie. it is seem tha th o~ea1 effidier ry
of tbe launcher is very lo't. For gas cases, only 0.1 to 0.2 percent e the total

enriis transferred to the urojectile. For the expalosive runs it stoxrts at
*0.2- nercent for neglicible amounts of e:plosive a-nd incureases as tetotal

energy increases but as5y:ptoti&d11 y approachas a =aaiu Off 3 percent &hen
thne ezuplosive energy becozes atuch greater than the gas ener'gy. It would aprea-r

Pthat the efficiency cay inuarove ith in~creasing initial pressure as evidenced
Iby tlhe h-WO- asjrutte of the 500 Psia curve.I It shmuld be- clear fro-c the discussion at this roint that there

are Dossbiities for a ti=ci-g th- mrforc._nce of the launaher whic have not
* been exacind and that, the larancher performance cay be sifostantia 1 improved7

by using pA-imized conditions. Presently an ptimization st dy is being done
a t UIWKRS61and results are ey-nected o be released in =id 1967 in a separate
rub-lication.

3-4.2 £-Raii xeriamets

-J .After the hazard of using lead azide was ro0inted out a renewed 1
effort inas cade at dei-eloping a safe explosive liner. In See. 4 itU is shoun,
that af ter further stidy several additional explosive forculations were found
that hai the required properties and -Which were safe to use. Of these P-L"M
was selected as being the most prnnis:s-*g for use with the implosion driver.I All of the sufbsequent implosion work has been done with this explosive.

An exjperimental program was planned which was to determine the
eifcts of the vario~us operating parameters and to "*Droof" fire the gun. How-
ever, it lvcz cleaz after only several runs had been made, that a number of
new problems had been uncovered. The high energy density of MENH (- 10 times'1 that of lead azide) made it impossible to make liners thin enough to be com-
parable Co the lead azide in energy. For example, a M~N liner containing 25
-kilo-calories (equivalent to -~ 200 grams of Yb 110) would be 0.02). inches thick.
Maintaining uniformity of thickness in dimensions of this order i.- beyon& pre-
sent capabilities. In practice, the minimum thickness that can be manufactured
reliably is -0.090 inches, which corresponds to a total energy of -100 kilo-
calories. Aaticipated erosion and damage to the barrel (examples of whi.'h
are shown in Sec. 5) made it necessary to design an expendable barrel aade of

*thick -Kall tubing. However barrel straightness and finish were downgraded and
bore sizes of only nominal 5/16 and 3/16 inches could be obtaiaed. nuwever,
the ba-rrels could be made much longer. As virtually all of the operating para-
meters, including initial pressure, length, bore, explosive were changed, a
direct comparison of the PETN runs with the previous runs is not possible and
the PTN data must be considered separately. Liners of nominal 80o and 200 grams
were manufacturei and run. The results of the experiments are tabulated in Table
10o.
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Tre f irs-t un(11. 205) using an 8L.3 gram. liner of _=M_ andz-cal5/16 inhdia:---ter PG1YeV4Y)Lene pojectie resuted in a ~esrd'velocitY of 17,650 feet poer secora, slightly less than oze halft the predi:ctedvau.The crater e i n te lead Piac Date suggested thiat the projectile,-gas badl'y distorted if not in fraipments. iHowever, no faatogra~ph was obtaineiOf teProjectile in f- light so the1 condition of the projectile ca=.&&t bePOsitively identified. Suibsequently a run (11o. 213) using p 15gamlnro=17 resul1ted in a measured veloc-ity of: -10,520 feepe seon.5 ghrat ier o
left by -the ircpa&c is show'n inig. 67. The Projectile as sho-un in Fig. 68has deforted subst2 tia1Y taking on a "liauid7 shape and separated intoseveral s,-aller pieces. Runs at 2)9.4 (Run; No. 209) and 213.6 gams (Vu to.210) yie lded no velocity cmeaurezent .phatogrki~h of the projectile in fligh%,,shown in Fig. 69, and the icret pl-ate. shown in Fig. 70, :indicate cocpletebreakian of the model.

Y ~sium- Projectiles were then suilstituted in an atteopt to'ind a projectile configudration Vhich Would suarvive the launch-. Unorunaelythe higher density also degraded the vuelocity perforcance. A 76.3 gram n(Rvi: No. 214) resulated in an intact projectile, as noted photographically anda-q '.Videnced by a single large crteatheiac plate (Fig. 71). Howevera run using a 9,6.8 gram l-iner (Run No. 2-19) resulted in -failure of the projectile.Two additional ru,, at nomiinal 70 gram Of pgETN, (K~os. 215 and 21.6) but using a0-187 inch bore barrel in an attempt to regain the velocity performance resultedJin fragmented projectiles.

A fiberglass projectile made~ from Ia rod with fibers runninglongitudinally and having a density of 1.5 grams/cc was fabricated. A run using
90.8 grams of FITl! (11o. 218) resulted in a measured veloct of1,100 feet persecond but the ph tograrh cf the projectile in flight, shown in Fig. 72 showsthat the epoxy 'which binds the fibers together has failed although the fibersare substantially intact.

A stainless steel projectile (P = 5.5 g/cc) using a 74.0 gramIOliner (Run -no. 217) and a 0.187 barrel resulted in an intact projectilehewever, the 'Velocity was only 3,750 feet per second.

As a result of this data, proof runs at hypervelocities have been* temporarily suspended pending the solution of the projectile integrity problem.This problem which -is cyrrently under intensive study will be treated in aseparate report by Graf09 . VWnile no specifi4c recommendations can be made atthis time, it appears that part of the problem at least is due to the presentstraightness and finish of the thick wall tubing barrels which are not as wellfinished as the smooth bore 0.'2 inch barrels. This point is supported by thefact that polyethylene projectiles survived intact launches to 15,000 ft persecond in the 0.22 inch barrels while they failed at lower velocitles in the* 5/16 inch thick wall tubing barrels. However, it is possible that the lowervelocities are an effect of the failure rather than the cause of it. Presentwork on improving barrel condition will resolve this point.
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3.5 "Average B~ase -Pressure" Zonsicierations

IF

So-me insight into the merfor-ance avantages "and disadvant-es
ct7 an i -m os on-driven gun can be had frona an a nalysis of the "average pressure"
Wver a cycle assuming that variations over the projectile radius, finite sound
speed effects and other such complications can be neglected. The equivalent
constant pressure which will yield the sane iopulse as the time varying pressure
of the 1mvosion driver can be found as fo~lows. The value of the "average"

pressure will vary depending oa the tice over wich the average is taken.
For long tp i.e., where the nucber of cycles (N) is large the average is given

St .p(t) dt

Using the "flat top" pressure profile technique to avoid the singularity at

t =0i.e., taking
p(t)=p* 0 < Z < t,

p(t) = Kt - 3 / 2  t* < t < ty c  (3.22)

where K = t3 / 2

and is fixed for a given chamber radius, explosive loading etc. and integrating
yiLelds

yild [3 -2 Y 1 - (3.23)t

P. cyc

This relation is plotted in Fig. 73. It can be seen from the figure that the
average pressure varies considerably depending on the value of t/t c  For

tcvc = t. the average pressure and the characteristic pressure are. ientical.
The average pressure then decreases as t*/tcyc decreases and for t. << t varies
as

const (3.24)
tcycle

T1he implication of this result is quite clear. If large values of average
pressure are to be produced then t*/tcyc should be as large as possible. In
terms of the physical variables this shows that if the cycle time which is a
function of the chamber size and the average wave velocity is large then the
average value of pressure will be low for t. fixed. Clearly small chambers and
high sound speed gases are desirable.

For cases where t./tc. << 1 then the average pressure over a
cycle will be only a small fraction of the pressure p.. For practical cases,
where the maximum pressure is limited by projectile or other considerations, a
very serious limitation will be placed on the performance, From the inverse
point of view, the projectile strength requirements can be Izvral orders of
magnitude greater than an equivalent (in velocity performance) conventional
constant base pressure gun requirements.

One prgviously unexplained result of the gaseous detonation runs
is now clear. Watson 3 found that the velocities for dilutions which could be
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made to either detonate or deflagrate depending a the violence of the ignition
(small carsules o- lead azide were used to detonate a mixture -Ohich would other-
a have deflagrated) were neaay the same. This is possible if the cycle
time is such as to make the -,-rage pressure be nearly equal to the sseady
-pressure that would be dbtaii d in constant volume cocabustion.

For instance, for a N = 7 mixture initially at 100 psia Benoit 7 0

predicts an average value of pressure after constant volume combustion of 893
psi. Extrapolating Watson's cyc]e-time data to this condition yields a cycle
time of 55 jisec. If we assume t* = .5 pisec i.e., t*/tc = .045 then from-Fig.
73, P/px = 0.216 and sLe at t*, p. = 7220 psi it follows that _6 = 836 psi
or roughly the constant volume combustion value. There are of course other
effects which are neglei- _ here. However, the point is made that for the gas
cases at hand, the aveiage pressure over a cycle in the detonation case and the
pressure in the constant volume case are very nearly the same, hence the result-
ing performance will be very similar.

4. OiE-D.l.NSIONAL EXPLOSIVE Th TIATION STUDIES

As noted in the introduction, the key technical obstacle to be
overcome in the development of the implosion-Driven Launcher was the simultaneous
and uniform initiation of the explosive liner which generates the imploding shock
wave. If this could not be accomplished, then little hope could be held for
holding the high degree of symmetry which is required if the high pressures and
temperatures at the origin predicted by the theory are to be realized. Accord-ingly, considerable effort has gone irto sclving this particular problem. Inthis section the problem will be discussed in detail, some pertinent initiation
theories reviewed, and results of past studies at UTIAS reviewed. The results
of a new study are considered at length and finally the feasibility of gas de-
tonation wave initiated, explosive-driven imploding waves is demonstrated.-
4.1 Secification of the Problem

It is worthwhile to enumerate and discuss the properties that the
explosive liner must ha:e if it is to be useful in this application.

1. The explosive energy release must be nearly instantaneous anduniform over the entire liner surface. While this implies detonation of the
explosive and negates deflagration, it does not necessarily imply full ideal
detonation velocity. For example, even if ideal detonation velocity is not
eached in the liner (in fact it is to be expected that this will not occur in

the thin liners involveu, except for perhaps primary explosives such as lead
azide, which have extremely short induction distances) the energy release must
occur over a short time scale comp;.red to the time scale of the motion of the i
reflected shock. This requirement can be stated formally. The time it takes
for the reflected shock to move a Jistance characterised by the thickness of
the explosive must be of the same order or longer than the time required for the A
detonation wave to propagate through the explosive

___ d
e (4.1)8ref



I .,.

or simply.(
,,. D Usre 14.2)

Since the' !slest alhe of the reflected wave velocity i.e., that for the
reflectin.:of Tgedus-detoaation wave is for stoichiometric oyjgen-hydrogen
mixtures, - 2.0 kilbmeters per second (Sec. 4.7), then

- D > 2.0 kilometers per second (1.3)

Since the-fufl'ideal detonation wave velocity for explosives is in the- range 3
to 10 kio Aters per second,71 it is see.- that this requirement is easily
satisfied'-even if bnly two-thirds of the ideal detonation wave velccity is
reached. .Inaeed for some explosives where D is of the order of 10 kilometers

per second then 1 >> Usre and the explosive can be assumed to detonate
- - refinstantanenusly. Deflagrating conditions which have wave velocities of the

order of .0 millimeters per second71 , that is to say, several orders of magni-
tude les, .haih the detonation wave velocities, can immediately be disqualified

for this reason. Further if there is a delay time characteristic of the timeto transit to-9 detonation say, this must be sufficiently small that the reflect-

ed vave has not propagated away from the explosive surface a few times the dis-
S tatice of the explosive thickness. Again since the initial reflected wave velocity

is of the order of 2 mm/Asec and since the explosive thickness contemplated are

0.1 to 0.5 inches (2.5 to 13 mm) then the delay times must not be more than
-5-10 sec.

S2. If gaseous detonation waves are to be used as the initiation
mechanism then the initial pressure in the unburned gaseous mixture must be
of the order of - 10-50 atm. The post detonation pressure in the steady - at
rest central region, prior to the implosion, is about 5 times the initial load-
ing pressure, hence the imploding hock sees a hot gas at rest with an initial
pressure of - 50-250 atmospheres. Too great an initial pressure would mean that

the relative strength of the imploding wave i.e., its shock Mach number, would
be reduced substantially hence the temperature and escape speed would be re-
duced significantly. If the explosive is initiated in some other manner as for
instance by light initiation, this requirement must be modified accordingly.

3. The explosive liner must be completely safe to handle, insensitive
to small jolts such as would be experienced in transporting the liner from the
magazine, or installing it in the chamber. This is of particular importance
since the liner, which weighs about one pound in its present configuration,
would cause fatal iijuries to personnel and considerable damage to equipment
in the vicinity if it were to detonate accidentally. It will be shown below
that several exphosive materials which, although ideal in all other respects,
are too hazaruoons to use in an operational situation, although they were tested
.n a arefully controlled series of experiments.

4. The liner must have sufficient mechanical strength to hold its 2
shape during transportation, evacuation and pressurization of the chamber. The
,explosive need not necessarily have mechanical strength itself provided it can
be attached to, and will remain attached to a carrier which will provide the
necessa~ry shape.

5. The explosive must be capable of withstanding the evacuation,
and pressurization process without igniting or decomposing.
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6. The explosive must be sufficiently homogeneous so as not to-
introduce significant nonuniformites in the symmetric imploding shock. This
is particularly important since it is possible that spherical imploding shocks
may be unstable to small disturbances, hence nonuniformites in the shock sur-
face would be magnified during the implosion process.

7. The explosive liner assembly must be relatively inexpensive.
This implies that the explosive must in turn be inexpensive and that the fabri-
cation technique must not be overly complex.

Of the above seven, the most stringent is the initiation require-
ment. '4

h.2 Review of Initiation Theories

In this section some pertinent initiation theories are reviewed
and interpreted in light of the present requirements. Historically, the study
of the sensitivity of explosives to initiation has been on an empirical bases.
Up until World War II, the drop test72 was the standard of reference. In this
test a small sample of the explo!tive to be investigated was placed between tw3
metal cylinders and clamped in such a manner as to allow the free vertical move-
ment of the upper cylinder. A known mass was than dropped onto the cylinders
from a predetermined height and initiation or failure to initiate noted. Some
typical values of critical impact energy obtained using this type of apparatus
are given in Table 11 for some common explosives. While this test offers some
qualitative measure of the sensitivity, i.e., TNT is found to be less sensitive
than lead azide, for example, it does n(t give any detailed knowledge of the
physical processes of inibiation, and hence can give only qualitative informa-
tion for our present purpose. A?

A major effort was made during World War II to understand the
physics of initiation, While some progress was made it is only in the last
decade that ouantitative predictions of sensitivity have been made, and then
unfortunately only for a very few explosives. The phenomena of initiation can
be separated into two distinct types, init' ti n from weak sources such as flames,
of which the works of Bowden and coworkers '" offer mf.:h information, and
shock initiation. Historically initiation from a flame front and the subse-
qaent transition to detonation was first studied by Kistiakowsky

75 and Ubbelohde 76.

While some of the details of their hypothesis have been subsequently rejected,
the concept is generally accepted and later works have been essentially exten-
sions and refinements. They consider the case of a deflagration occurring at
a point in the interior of a mass of explisive. As the flame front propagates
into the material, pressure and thermal gradients develop. After a sufficient
length of time or distance into the explos:ves, tPs process accelerates because
the reaction rates are very temperature sensitive and very steep gradients
(shocks) develop. Behind these shocks the pressure and temperature conditions
are such that the reaction time becomes sufficiently snort, that it is no longer
the limiting factor in the process and a steady state detonation (shock wave
followed immediately by a thin reaction zone) develops. The concept of a
critical size or critical length to detonate follows immediately from the above.

The distance to transit from a deflagration to a detonation is
much larger than the explcsive thickness contemplated for the implosion launcher
(0.1 - 0.5 irches). Fcr example Gipson and Macek77 have measured flame-initiation-
to-detonation induction distances of from 6 to 18 cm. for DINA and Pentolite when
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initiated by nichrome wires, and Griffith and Groocock78 have measured burning
rates of. 0.8 mm/ ec for 100 psec (8.0 cm.) for granular FETH (p = 1.2 g/cc).
These distances areabout an order of magnitude greater than those required for
the inpl6n driven launcher, hence this mode of ignition does appear to be
practical here.

The later stage of the above, where a shock propagates into theexplosive and the c6nditions behind the transmitted shock are sufficiently strong
to initiatian. support the reaction, a detonation wave will result. If less
than a-critcal value, the shock will decay and a deflagration wave will result.

The "gap test'7 9 , which has'replaced the impact test as thecommonly-accepted measure of sensitivity, is essentially a controlled shock
initiation test. For this test a donor (standardized NOL donor, shown in Fig.74, is a tetryl charge, p = 1.51 g/cc, 5.08 cm. in diameter by 5.08 cm. long)
is spaced 'a known but variable distance from an acceptor charge. This dimension
or the material filling the gap, typically iucite or cellulose acetate, is
varied to attenuate the shock produced by the donor. Detonation or absence of
detonation in the acceptor after a given length is implied by the distortion or
absence of distortion of a mild steel witness plate at the further end of the
acceptor.

The peak shock pressures applied to the acceptr nd the timehistory have only been recently calculated for the shock test. These pro-
files are known with reasonable precision, hence the test can be considered
calibrated in an absolube sense. However, the range of donor dimensions (i.e.,
pressure profiles) and acceptor dimensions investigated has been relatively
small and while good absolute values are obtainable, they are not in a pressure
range that is of immediate interest for the present work, being several orders
of magnitude greater than those produced by an impinging gaseous detonation
wave. This limitation of the "gap test" has been realized by workers in this
field and interest in the problem of shock loading at much lower pressures than
those produced in the donor - acceptor test, has been revived of late after a
dormant period of - 20 years. The first reported work (1939) using R seous
detonation waves to initiate explosives was that of Andreev and Maslov who
investigated the sensitivity to initiation of detonation waves of FETN, tetryl,
picric acid, blasting gelatin and lead azide.

Presently the revival of interest in this area (Refs. 83, 84,85 for examplej has been concentrated on propellents where the emphasis is on
finding materials which will not detonate under these high pressure gas loadings
ather than those which will, hence this information is not generally of direct

use to the specific problem here.

Andreev and Maslov's explosive studies were done in an apparatus
similar to the one-dimensional chamber presently used at UTIAS (see Sec. 4.3)
except that the total length was greater by a factor of 10, (one meter). As
a result their pressure time histories are extended in zime. However, it is
interesting to note that their pressure limits to detonea PETN pressings aresubstantially the same as those mea ured at UTIAS i.e., 10 atm for their work as
compared with -7 atm for the UfIAS tests. This observed insensitivity ofexplosive initiation to length of time of pulse application can be understoodin the light of some recent studies of the initiation process.
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Shock Initiation Calculations

Much insight into the initiation process has been given recently
by an original work of Hubbard and Johnson". They set up a one-dimensional time
dependant, hydrodynamic, numerical code in which the temperature dependant
chemical reaction rates were accounted for, and applied this to the problem of
a shock propagating into a semi-infinite explosive. By integrating the equations
numerically for several pressure-time history inputs they were able to watch
the progress of a shock in the material and the subsequent transition to a
detonation or deflagration. They assumed an unreacted equation of state of a
form that includes covolume effects, i.e.,

p(v-b) = (7-l)e (4.4)

where, 7 = 3.0

b = 0.25 cm3/gram

and a chemical reaction rate of the form

g = V(1-f)nexp(-EJRT) (4.5)

where, v = collision rate = 1014 sec-

f = fraction burned
n = reaction order I

Ea = reaction energy - 4 Kcal/mole

with
e =C

where,
C v =0.30 cal/g°K

While these values are generally representative of explosives, together they
produce somewhat unrealistic parameters such as a detonation velocity of 33.6
cm/psec. The value of these numerical experiments is not in the absolute values
of calculated results but rather that they show clearly the dynamic behavior of
the transition process i.e., transition to detonation or decay to deflagration~as a
function of the initial loading conditions.

In Fig. 75b are plotted pressure profiles at three instants of
time following the application of a square wave of 105 atm amplitude for 0.69
psec. At a point in the explosive, x - 0.2 cm, the temperature-time conditions
have been such that energy is liberated at a rate faster than. it can be conducted
away. The pressure and cemperature increase vary rapidly to a point such that
0.2 psec later (at ]..0 psec) a steady detonation wave has developed. In Fig.
75a are also plotted pressure profiles for the same instants of time, for the
same pressure, but of 0.64 psec duration, 0.05 Vsec shorter than the previous
case. In this case, the temperature time history is such that the reaction does
not "run away" and the pressure wave decays to a deflagration wave. It should

be pointed out that the 105 atmosphere pressure amplitude was chosen to produce
detonations in a reasonable computing time, and was sufficiently low so as no.
to overdrive the detonation. It should not be taken as representative of any
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limiting or critical pressure. From an an.lysis of a mnuber of Tamerical experi-
neets- such as- these the physics of the problem appears. Fcr a short period of
time after the shock passes an element, little enerry is liberated as evidenced
by the slow increase in pressure. After a certain delay or incubation time the
energy is released progressively faster until the rate reaches tLat necessary to
support the detonation velocity. This delay is a direct consequence of the
sensitivity of the reaction rates with temerature. After one element detonates
the high pressures produced quickly ignite the adjacent element with no incu-
bation time and a sjoeady detonation wave is produced. The functional dependence
of the delay time on the other parameters is given by Hubbard and Johnson as

tincub/T = exp (4.6)

Cv Ea

R Eo

C E

and T = v R (v()-

E = energy behind the shock0

There is a characteristic, time T, which is a function solely of the properties
of the explosive but that the fraction of this characteristic time which is
taken to produce transition in a specific case depends on a factor containing
E0

2 and an exponential also containing Eo . E is the energy state in the shocked
explosive hence is a function of the strength of the transmitted shock. Clearly
strong shocks decrease the incubation time and vise versa until that level of
weakness is reached which will not initiate a detonation in an infinitely long

specimen.

In order to obtain absolute values for the incubation time tincub,
not only must the usual properties of the explosive be known such as Cv, Q, etc
but also the unreacted Hugonoit. Generally, unrea:ting lhugonoit's are only
presently being sought and reliable detailed information is scarce. Further
many explosives are inhomogeneous containing voids and grains of finite size
which negates a continuum approach. A comparison with some i-itiation data was
made in Hubbard and Johnson's paper. They noted that their relation predicted a
much stronger effect of shock internal energy than was measured. They attributed
the discrepancy to lack of realistic equations of state from which to calculate
their delays.

While the magnitude of the predicted values may be of little

value at the present, the understanding of the processes involved is not. The
point that is brought out by their work is that detonation will occur if the
temperatiure-time history of any point in the explosive crosses the curve givexi
by the delay equation. For example, in Fig. 76, which is taken from Ref. 86,
the energy (temperature) time histories of 4 pressure pulses are plotted along
with the delay equation. For cases B and D the temperature-time history curve
did not cross the delay curve defining the detonation boundary and deflagration
resulted. Cases A and C crossed the boundary and detonated. The point made is
that lower temperatures will cause detonation if held for a longer period c f
time (this implies long induction distances). Conversely, higher temperatures
require shorter times. Clearly the initiation dependence on Eo is very strong,
or conversely the curve describing the initiation of detonation limit varies

weakly with the time a given temperature is held. The reason that Andreev's
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a% the UPIAS initiation ii-ts for !ReTf are nearly the saze, even though thetime of application of the pDressure varies by an order of mantdis now clear. I

Enig8 of NOL has studied essentiploly the same ibiation pelem
of Hubbard and Johnson, using a different numaerical scheme. He also coisiders a
piston which rushes at constant velocit against one surface of a chemically
inert slab the other surface of which is in contact orith the explosive. The
dynamics of the resulting shock and subseque:t growth to detonation or decay to
deflagration can be followed as in the previous work. The conclusibns that
Enig draws are essentially the same as the previous work.

Mader88 has recently extended this type of calculation to the
shock initiation of nitromethane, liquid TFf, and single crystal NTN using
realistic equations of state and concludes that the computed pressures and vel-
ocities as a function of time agree with the experimental values to Within the
probable experimental error. However,no published work has been done to define
the detonation boundaries for these materials. Mader has also extended the cal-
culations to include the effects of voids. -He observed that the interaction of
the shock with a void or inhomogeneity produces a local "hot spot" in the ex-
plosive of sufficient intensity to cause detonation to occur under conditions
that normally would have resulted in deflagrations in the homogeneous material.
This point is of considerable significance in the present study since it indi-
cates that the initiation boundary can be substantially lowered by the inclusion
of voids.

Work has also been done of late c n the effect of thermal pulses
on the initiation of explosive materials (chiefly propellants) both by the use
of shock tubes where both pressure and temperature effects are combined and
radiant pulses from furnaces. In these cases the increase in temperature of the
propellant is primarily from the convective (or radiatige) heat flux. Delay ticies
of the order of milliseconds are required for ignition. ,89 However Cook7 1

notes that .."detonating gases are capable, above certain critical pressures, of
causing very sensitive explosives such as fined grained, low density PETN to
detonate evidently almost directly..", but gives no further information, It
will be seen in this section that PETN can be made to detonate by gaseous de-
tonation waves in initial pressures as low as 50 psi. In this low pressui
regime it is not clear whether tl, detonation is caused by shock heating, oon-
vective heating, local hot spots due to voids, or a combination of the above.
For both shock heating or convective heating the temperature history of the

explosive is the key parameter. This is proportional to the transmitted shock
strength for shock initiation which in turn is proportional to the initial
pressure in the gaseous mixture. If the initiation is due to convective heat
transfer, the heat transfer rate can be varied but it is also proportional to
the initial pressure of the gaseous mixture, making it difficult to separate
the two effects. Definitive experiments have not been performed to date.

With this qualitative understanding or perhaps lack of clear
understanding of the initiation process, the search for explosive suitable for
use with the imp-1csion driven launcher can be directed specifically to finding
an explosive with a low enough transition time for the gaseous detonation wave
induced shock wave or rapid enough convective heating that detonation in the
solid explosive is reached is less than a few (5-10) psec or in a distance of

less than a few (0.1 - 0.5) inches of explosive.
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4.3 Review of Fast Work at UTTIIS

it was recognized early in the reaearch tbat the key technical
obstacle' to be overcoce would be the initiation of the explosive liner. Sc-e
critics of the technioup pointed to the very high pressures required to Lr.:ate
secondary exvlosives and suggested that it was not possible to initiate se:ondries
with a gaseous detonation wave. Accordingly, initial efforts were spent in
investigatiig the initiation properties of exlosives under conditions similar
to those experienced in the launcher. Since the results and understanding of
the initiation process would be camoflaged by the three-dimensional nature of
the convergence in the hemisphere it was decided that the shock initiation pro-
blem should-be studied by itself in a one-dimensional framework. It was also
decided, at that time, that initial efforts would be concentratea on the initia-tion by the collision of gaseous detonation waves although other possibilities

for ignition existed. Further by proper design of a one-dimensional experiment,
the amount of explosive used per experimeLt could be reduced considerably (factors
of 60) hence the hazard of using untested materials reduced. it was felt that the
results obtained in a one-dimensional study could be carried over with little
correction to the hemisphere since the initiation process even in the hemisphere
is essentially one-dimensional in character.

Dr. A. H. Makomaski (now at the National Research Council of
Canada) designed and constructed a one dimensional chamber to be used for the
initiation study9O. A view of the apparatus is shown in Fig. 77, and a cross-
section is shown in Fig. 78. It is essentially a small cylindrical cavity 1.5
in. dia. and 10 cm. long in a massive high-strength-steel block. The 10 cm.
dimension was chosen to duplicate the radial distance of the hemispherical
chamber, since it was expected that there would be difficulty in producing a
steady-state detonation wave in the gas in such a short distance. Subsequent
results show that this is not a serious problem. The explosive samples were
held in a "witness cup" at one end and an exploding cross wire initiated a
gaseous detonation wave inastoichiometric oxygen-hydrogen mixture at the other.
The cross wire was chosen to aid in the early formation of a planar wave.

Using this apparatus Makomaski investigated the initiation pro-
perties of PETN pressings at densities of 0.85 and 1.00 g/cc and determined the
lower limit of initial pressure of a stoichiometric oxygtn and hydrogen mixture
that will insure a detonation in the PETN for this geometry to be - 12.5 atm.
Details are reported in Ref. 90. The criteria for determining if the explosive
had or had not detonated was the presence or absence of significant distortions

of the witness cup which held the explosive. Below 12.5 atm initial pressure,
the dimensions of the witness cups remained essentially unchanged during a run.
Above 12.5 atm initial pressure, the dimensions of the cup changed as a permanent
deformation of the witness cup occurred. The surface of the cup waa also bruised
and deformed in a manner suggesting pressures greater than the yield stress of
the witness cup material, which for his studies was ULTIMO 4 (yield = 85,000
psi). The calculated detonetion pressure of PETN at a loading density of 1.0 g/cc
is by comparison 7.6 x 104 atm. No other quantitative measurements were reported.

While these results were very encouraging, as they showed
secondary explosives could be initiated in thisa fashion, it was felt that
uantitative data of a more precise nature was required to understand and gain
insight into the wave dynamics and initiation process. The question as to the
strength of the gaseous detonation wave, its velocity, if over-driven, remained

unanswered as was the strength of the reflected wave produced by the detonating
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ex losive. M.a=aski did try sorne cident wave sieed ceasureents using ioniza-
zion urobes but concluded that his gages were not suitable for this work although
their simple construction might c them very attractive in less hostile don-
ditions. He also tried nhoto detectors to ceasure the wave s ieed but inade-
onate frequency response of the OAPi12 photo diodes prevent-ed any quantitative

oeazurements. Time did not permit hin to try other technicues.

On critical review, it -as concluded that the results were most -

promising, as initiation of detonation in thin layers of explosives at moderate
pressures was demonstratnd on the foregoing basis and that the approach was
sounda, but that qulantita;ive data would be required if the wave processes
occurring in the chamber were to be fully understood. Accordingly the first
efforts in the new phae. of this work were in the direction of instrumentation.

4.4 One-Dimensional Chamber instrumentation

The severe environment produced in the chamber by the contained
explosive makes it difficult, if n-t itapossible, to use many measurement tech-
niques. A wave speed measurement is Prc;L ably the most useful measurement provided
both incident and reflected wdve hi,;tor12s can be determined. In principle
several instrumentation teciuiiaues could give wave speeds, as for example photo-
graphic streak camera tech-uiques, however ionization probes were chosen since *

they are relatively straight forward to design and use. Streak camera techniues
would havt required substantial modifications to the existing chamber. An
ionization prdte acts essentially as a switch clsed by the ionized gas behind
the detonation or shock wave, hence it gives an accurate indacation of the time
of a.-rival of the detonation or shock wave. It has the disadvan.tage that it
cannot yield any profiles of the properties behind the waves.

After several attempts, an ionization probe that would with-
stand the hostile environment was successfully developed. A view of the final
design of an assembled probe is shown in Fig. 79. A sectional view is shown
in Fig. 80. The probe consists of a single stainless steel electrode potted
with epoxy resin into a holder. The electrode has a maximum diameter at the
lower end greater than the minimum inside diameter of the probe housing so that
the electrode cannot be blown out. The epoxy resin makes a satisfactory vacuum
and pressure seal. Electrical connections ar- made by a central electrical lead
also potted for strength and the end fitting is a standard BNC connector. The
entire circuit is shielded by the probe housing and connector and minimizes
pickup from electrical disturbances which were present when the capacitor in the
ignition circuit was discharged. This "noise" source was subsequently quieted
(See Sec. 5.1.1).

To date this construction has demonstrated excellent vacuum and
1igh pre :ure holding qualities. An average probe lasts approximately 10 runs
before it breaks down due to imbeded carbon deposits or significant ablation of
the epoxy surface. One prove survived 23 runs in the position nearest the ex-
plosive before being removed from service. The only maintainance required is
the routine cleaning of the exposed surface after each run and a check for
shorts and continuity.

The circuit used for differentiating the signals from the ioniza-
tion probes was a modification of the classical circuit of Knight and Duff91 .
The circuit, shown in Fig. 81a, has been used for many years for velocity mea-
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surements in shokm tubes and for detonation velocity measurements both in ge'es
and soli4 explosives. in its original fori.z it senses a single pulse from each
probe per run. in pr-inciple the circuit could sense waves repeatedly, prcfided
the time constant for -eche-rging capacitor C1 is less than the time between
signa!si. The time constant for recharging C! is essentially RCI, which for
the original circuit is 22 milliseconds. The high resistance of R1 is required
to isolate the several sections from one anctier. By substituting a resistor
and diode for this high resistance, where R i_ now reduced to 470012, the
capacitor should in principle recharge in approximately 5 microseconds and yet
the separate section- remain isolated due to the high reverse resistance of the
diode.

To be exact, it should be noted that the probes are not ideal
switches operating in an on-off manner as they have a finite "contact" resistance
due to the finite conductivity of the gas. Rather they are detecting a change
in contact resistance as if resistors of different values were being switched

in and out.

The actual val t. of P1 used for this experiment was obtained by
trial and error and gives readable signals for the conditions encountered here.
If this circuit were to be applied elsewhere under different conditions the
optimum values of R1 would have to be changed accordingly. The circuit as used
in this study is shown in Fig. 81b. Using the modified circuit in conjunction
with the robust probe, both the incident detonation wave and the reflected ex-
plosive driven wave can be detected in the time scale of the present experiments.

4.5 Direction of Search for Suitable Eplosives

As noted in Sec.4.2, there is little initiation data at condi-
tions near those to be produced by a reflected gaseous detonation wave in the
launcher chamber. Most explosive initiation experiments in the literature
are for pressure levels several orders of magnitvde greater than pressures
produced in the gaseous mixture with the exception of Andreev and Maslov's
work. Peak pressures produced in the standardized WOL gap test for example
are approximately 50 K bars8O (735,000 psi) whereas the peak pressure produced
at a rigid wall by a reflected gaseous detonation wave is 6150 psi for a
stoichiometric mixture initially at 10 atmospheres9 2 . Accordingly, the search
for a suitable explosive had to progress on a pragmatic basis with some skept-
icism toward the drop-test data, but with the various initiation theories
and hypothesis and experience as a guide. In this respect, the wealth of
knowledge and experience brought to the project by Professor G.F. Wright of
the Chemistry Department, University of Toronto, was of inestimab'e value ir
solving this key problem.

From the point of view of initiation, primary explosives are
indicated. However, they generally have small energy densities. From the
point of view of minimum thickness of liners, secondaries which have large
energy densities, are required. In the absence of any hybrid materials, a
"sandwich" type of liner having a layer of primary explosive over a secondary
is indicated, similar in principle to many commerical explosive products, for
example,primers in cartridges or the use of blasting caps to initiate bulk
explosives. However, it must be realized that safety is maintained in commercial
blasting applications, in part, by attaching the initiator to the bulk explosive
shortly before its use. In this way, the only source of initiation is kept
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away from the main body of the exglosive uniinitiatioh is desired. Since
the "rrimer" layer in the liner for the launcher would be in intimate contact
with the secondary layer frcm the time of manufacture, the restrictions on

_the reliability and safety of the pricer are the same as on the secondary,
since any spont-ieous initiation of the Drimer wo ld initiate the entire liner, 4
not just the prier. It will be seen below that several "sandwich" types with
other desirable proiperties were developed but had to be discarded because the
pricer was not sufficiently safe. L-

Fortunately there are a few explosives which can properly be
called hyb-r ds since they can be made to have bcth the sensitivity properties
of primaries and the energy density of secondaries. MEN which was chosen as
the most promising explosive for generating implosions is one of these. Its
explosive initiation Droperties vary with the loading density uhich can be
varied over a vide range. At low loading densities its sensitivity to
initiation by gaseous detonation wave is cotaparable to many primaries but with-
out their hazard. Further, its sensitivity to handling or static electricity
can be reduced by adding water. It does not have the reputation of detonating

spontaneously, and is generally considered to be a "safe" explosive when
handled with tl-e care required of materials of this type.

The search for a suitable explosive progressed as follows.
Generally, explosives that suggested promise were tested first at moderate
initial pressu-res. If they detonated, the pressure on each succeeding test
was progressively lowered until the pressure limit was reached. If a detona-
tion waL; not clearly evident they were discarded. Several runs were made
around the pressure limit to define the limit and indicate approximately the
band of uncertainty. However no great effort was expended to obtain high pre-
cision for the uncertainty band. Several explosives which could not be made to

detonate but which had other desirable properties,for example ease of manu-
facture or energy content, were tried in combination with a surface layer of
more sensitive explosive.

.PETN pressings similar to those used by Makomaski were the first
to be investigated. While the results reaffirmed that the detonation pressure
limit was sufficiently low and cleared up ambiguities in his work, the problem
of manufactuLing a hemispherical shell from dry crystals of PETN appeared
formidable. The emphasis then shifted to primaries such as lead azide,
tetracene, nitromannitol which were proportedly safe when wet, and which could
be applied in damp paste form. The intent was that the liner could be fabri-
cated wet, then dried, hence armed, inside the chamber in complete safety.
For the present conditions, the only one of these to work well was lead azide
but the hazard of using lead aside even vet is still sufficiently great as to
preclude its use, as noted previously. As will be seen, lead azide worked
extremely well alone and also as a primer to initiate less sensitive explosives.
It was disappointing that its use had to be abandoneO in the interests of
safety.

The emphasis then shifted to intermediate types of explosives
such as nitrocellulose and PETN and finally to finely divided PETN wit
binder in a paste form or in a matrix. In attempts to define the effect of
the binder on sensitivity it was noted that pure PETN, when applied in a paste
form and dried, had just sufficient strength Lo support itself in thin layers.
By applying the paste to an open core foai plastic matrix, a liner was made
which satisfied the strength requirements and could be made in virtually any

75



thickness. The details of manufacture are given in Sec. 5.2.1. This last
formulation, which-has a patent pending, was the one used in the bulk of the
launcher-performahnce experiments.

In a!1,25 different explosives or combinations of explosives
were investigated in search for a suitable material. It should not be con-
strued that the RMN formulation chosen for the implosion experiments is an
Optimum 0ne b rather that it is one out of possibly many that will work in this
application.

4.6 Experimental Procedure

The bulk of the explosive samples were prepared at the ChemistryDepartment of the iUniversity of Toronto by Mr. T. Huber under the supervision

of Professor G.F. Wright, and arrived with the weight and density predetermined.
For dry samples i.e., explosives containing no water, no further initial
analysis is required. Some explosives, for example nitrocellulose, nitro-
mannitolmercury fulminate, and tetracene are much less sensitive to initiation
by mechanical shock when wet. These explosives were prepared water wet and
kept damp until used. Hazardous explosives such as lead azide were handled
only in the wet state and an estimate of the water content was made by measur-
ing representative samples, to minimize the amount of handling. The lead
azide samples were made up on site to minimize the hazard involved since the
University and Launcher Facility, are separated by a distance of - 15 miles.
"Safe" explosives were d-ied and measured individually. Samples of the sheet
explosive (EL506 and Heller) were cut on site from large sheets using pre-
cautions outlined by the manufacturer.

The explosive samples in the witness cups were installed in
the one-dimensional chamber and the chamber sections fastened together. For
dry explosive samples, the chamber was immediately evacuated to a pressure
less than 1 mm hg. Wet explosive samples were dried to a pressure of less
than 1 mm hg. by evacuating the chamber at a rate not exceeding 6.7 mm..hg./min.
Previous tests in a small vacuum chamber, having a viewing window, us'.ng inert
materials, having physical characteristics very similar to the explosives
used, indicated t hat this pumping rate was sufficiently slow to prevent
bubbling of the surface by escaping water vapor. Further with a few samples
of explosive used, the chamber was re-opened carefully after the drying
cycle and the samples checked to see if they had sufficient structural strength
to maintain themselves in the vertical position. In all the check cases the
material was intact. It appears that all the samples remained intact after
drying provided that reasonable care was taken to prevent jarring the apparatus.

It should be noted that the vapor pressures of the solid ex-
plosives used are not an important factor since they are several orders of
magnitude lower than the pressure to which the chamber is evacuated. For
example, PETN has a vapor pressure of - .- 4 mm hg.9 3 The water and methyl
alcohol mixtures that were used for the wet explosives have a vapor pressure
of - 19 mm hg. and - 100 mm.hg. respectively at 720 Farenheit.

The one-dimensional chamber manifolds that are in common with
the range (see Sec. 5.1.4) were then evacuated and hydrogen and oxygen gases
metered, using i of 1 percent Lo-st pressure gages, into a mixing bottle where I

they weie allowed to mix by diffusion for several minutes. Then the mixture
was allowed to enter the ohe-dLmensional chamber. After several minutes to
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I allow for diffusive mixing, with any remnants of air in the chambef -the

-4

charge in the chamber was vented to atmosphere, the chamber refilled and the
pressure adjusted to the desired pressure by metered venting. Wnen low- pressures
(of order 1 - 2 atmosphet-es) were used, the filling-venting cyc.e- was repeated
several times to purge the chamber and insure an accurate composit-on. In this
manner it was felt that errors - mixture due to residual gases in- the chhmber
and lines would be kept to a negligible level. The ignition system capacitors
were then charged, the recording oscilloscopes which were previously calibrated
were set and the area cleared for firing.

After each firing the chamber was vented to the atmosphere and
flushed with helium to remove any hazard due to noxious fumes. The chamber
was opened and the explosive cups and ionization probes remprved for inspection.
The entire inside surface of the chamber was cleaned thorogh-y using agetone
and steel wool to remove any tenacious deposits and dried with clean rags and
dry compressed air. The ionization probes were inspected for damage, cleaned,
given an electrical check for high resistance shorts and stbjected to a 500
volt potential and monitored electrically and visually for breakdown. This
last check was added after electrical breakdown of the -f .:bt at 300 volts
ignited the gaseous mixture and initiated a run pret,.uy~y. Those probes that
passed this test were reinstalled; those that failed were repaired or replaced.
The crossed bridge-wire, a 4 mil copper cross, 1.2 inches across, was replaced,
a new explosive sample and cup installed and the chamber closed up for another
cycle. A maximum of 4 samples coul.d be tested in an eight hou:r day.

4.7 Data and Data Analysis

In this section, it will be shown that from the analysis of the
single data source, giving shock or detonation wave front rosition as a function !
of time, a considerable amount of useful information can be obtained for both
the wave dynamics inside the chamber and the initiation properties of the
explosives. While the results are all interrelated, for purposes of organization
the raw data will be discussed first,followed in order by the analysis and
results of the x-t diagram data, the wave-speed data, detonation pressure limit
data, plane explosion considerations, detonation delay data and witness cup
distortion data. After each of these areas are examined in detail the key points,
will be summarized.

4.7.1 Raw Data A

Two typical photographic records arr. shown in Fig. 82. Figure
82a is the result of a run using a nominal 200 ps§' mixture of stoichiometric
oxygen hydrogen and 1.3 grams of PETE cloth. Not the clean signals obtained for
both the incident gaseous detonation wave, "breaks" 1, 2 and 3 and the reflected
wave, "breaks" 3', 2' and 1'. The reflected ,4ave is essentially the shock
generated by the reflection of a gaseous detonation wave since the explosive
did not detonate for this initial pressure. It is worth noting in passing that
"break" 3' while large enough to be read clearly is not as large as the 3
initial breaks or the remaining two since the capacitor in the circuit for the
3' section, while it has recovered enough te give a readable signal, has not
completely regained its original charge. -'&ure 82b by comparison, is the
result of a similar run using PETN cl,.h but with an overcoating of FETN in a
sandwich configuration. The point 1o be investigated was whether the cloth
could be detonated by a thin boostec layer of PETN, which detonates at this
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pressure. In this particular case the overcoating explosive detonated as
expectdi3 but the cloth did not, hence the reflected wave is strengtnened only
by tht &Wditidn 6fithe -primer energy. Its velocity, as noted by the closer
Spaci .;between the timing-signals-of the reflected wave in comparison with
the pre.iois. ecbr d ,. is faster than that generated by the deflagrating run,
but..i .a a-s would be th. -ase . both materials had detonated. The
timiangrk.f sh6hi, in the lower sweep f each trace are 10 psec timing markers
from a Tektrnix -)l t. me mark generatu,.

.As-a matter of course, two sets of data were obtained for each
run,. the-data for- the sweep. speeds indicated and also at twice the time sensi-
tivittyzSgccW thdse two figures, i.e., at 5 microseconds per division, using
a duai bez osc'1lloscope and a delayed second sweep. The faster sweep records
alloWeVbitter t166 resolution :-;... by about a factor of 2, although the
photgiaiicqaity fs not as good as the ones shown. In practice they both
gave eslsenti the same result and the two oscilloscopes were run in parallel
every test to insure that data vould be obtained and as a check against time
calibration- errors.

The estimated accuracy of the overall measurement is ± 250 nano-
seconds in time and t 0.25 mm. in space.

4.7.2 (.-t)Diagrams and Wave Speed Measurements

(x-t) Diagrams

The raw time-distance data was first plotted in the (x-t) plane
to prevent the mis-reading of the traces i.e., taking a "noise break" as the
signal, since the timing signals for both the incident and the reflected waves
must of course be self consistant. Invariably misreading a "noise break" for
a signal resulted in an inconsistant (x-t) diagram, and could be immediately
detected and rectified. Typical (x-t) plots are shown in Figs. 83, 84, 85, 86
and 87 for stoichiometric oxygen-hydrogen mixtures alone, lead azide, PETN
pressings, nitrocellulose and superfine PETN respectively. Pertinent data
for all the runs are given in Table 12. The essential features of (x-t) dia-
grams for the 20 other materials tested are similar to the five given here and
will not be repeated. The wave diagrams shown have been adjusted in time so
that the detonation wave arrives at the reflecting surface at time t = 0. This
will clarify tiLj effects of the various parameters.

From the figures the general similarity of the wave diagrams
can be seen as well as the fact that the trajectories, as evidenced by the
data fit to smooth curves, can be accurately determined in both space and time.
A number of important points can be seen from an inspection of these figures.
Firstly, the incident wave which clearly is a detonation from its velocity,
does not move at constant velocity but is Initially overdriven by the exploding
wire ignition source. It decays in the length of the chamber towards a steady
plane detonation wave,as evidenced by the curved trajectory but is still slightly
over-driven by the time it reaches the explosive surface. The amount of over-
driving of the detonation wave is a function of the initial pressure as the
phenomena is, iiiitially at least, related to an ideal plane explosion, hence
the blast wave should vary as E/p or for these experiments, 1/pi since E is
constant. The energy for the exploding wire (or more accurately the energy
stored in the ignition capacitors) was held constant for the entire study, at
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135 joules corresponding to a capacitor bank voltage of 6 kv. However only
a fraction of this energy actually appears in the gas. The remainder is
dissipated in the thyratron and cables.

The decrease in over-driven detonation wave velocity with pressure
is best seen from the initial slopes of the curves in Fig. 83. As the over-
driving is a transient phenomena and the actual amount of energy dissipated by
the exploding wire was not measured and apparently varies from run to run,
scatter exists in the trajectories, particularly at lower pressures. At
higher pressures the overshoot and scatter is much reduced (see for example
the results plotted in Fig. 86 where the trajectory is a straight line
indicating the detonation wave velocity is constant).

Secondly, it can be seen that the reflected gaseous detonation
wave of Fig. 83, for example, where no explosive is used appears to accelerate
as it propagates from right to left. This is due to the expansion wave that
immediately follows the incident detonation wave and has an almost linear
velocity gradient behind it. The particle velocity varies from a maximum
value -,t the detonation front to zero at a point roughly half of the distance
travelled by the detonation front, (see for example Fig. 58). The reflected
shock wave first enters a gas with a high counter velocity, and then moving
through and out of this region moves into a gas at rest. To a fixed observer
in the laboratory the shock wave accelerates. The pressure ratio of the shock
increases in this interaction although the absolute pressure behind the shock
decreases.

For cases where the explosive deflagrated. for example run No.
121 of Fig. 86 and run No. 94i of Fig. 87, the resulting reflected wave tra-
jectory is essentially identical to the gas cases of Fig, 83 since the energy
release by the explosive is so slow that it does not have time to add any
significant energy to the reflected wave. For those cases where the explosive
has detonated, for exanple.,11. the runs of Figs. 84 and 85, run No. I.9 and 121
of Fig. 86 and run No. 199 and 202 of Fig. 87, the reflected shock trajectory
flattens indicating much higher reflected shock velocities than in the defla-
grating cases. The shocks a so decay with distance as they adjust to and
approach a plr-1  decay required by an ideal plane explosion, rather than
accelerate as they did in the deflagration cases. The effect of the rare-
faction behind the gaseous detonation wave is negligible for the detonating
explosives. By measuring the reflected wave velocity and comparing it with
the reflected wave velocity of a gas only case, it could be determined whether
or not the explosive had. detonated.

The complicated wave diagram obtained during the first few
micro-seconds after reflection, as for example in Fig. 84 will be discussed
with the ignition delay measuremeni.s of Sec. 4.7.5.

Velocity Measurements from(x-t) Data

The average velocity between probe stations was obtained by
dividing the distance between stations by the time required to traverse that
distance. By plotting the average velocity versus distance the dynamics of
the wave motion can be seen. Plotted in Fig. 88 are data from a representative
sample of the initial conditions and explosiies investigated. All of the data
are included in Table 12. The reflected wave data is plotted "mirror reflected"
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across the' reflecting surface to unscramble the dynamics of the two differentwaves (ncident nd reflected). For the incident wave, only the wave velocities
for typical stoichiometric oxygen and hydrogen cases are plotted since the
incident waves for the explosive runs are the same since they occur in the
same :mixture. In an attempt to evaluate the extent of the overdriving at the
time--that the wave has reached the reflecting surface, curves are drawn for
ly". and 4y percent increment in velocity at the reflecting surface ass",2ing
a r- decay of the velocity increment with distance. This decay of "he
increment 6f the excess vclocity over the detonation velocity appears to be
reasonable, in. light of the trends shown in Fig. 89, which is a plot of the
increment in velocity over the detonation velocity versus the distan:e from
the induction point. The data is from Bollinger9, however it is for lower
pressures than considered here. It would appear based on this decay law that
overdriving by as much as 5 percent in velocity may have occurred for low
initial pressures. Since pressure behind a detonation wave varies as the velocity
squared, the peak pressures could be as much as 10 percent greater than the
predicted Chapman-Jouguet pressure for a steady detonation wave at the same
mixture and initial pressure.

While the incident wave velocities are similar in character,
the reflected wave velocities vary considerably depending on the particular
explosive and the initial pressure. For gas alone cases or for cases where the
initial pressure is lower than the pressure to insure detonation, the reflected
wave moves at relatively slow velocity, increasing in velocity as it propa-
gates through the gaseous detonation wave particle velocity profile, as noted
previously. For initial pressures greater than that required to insure a
detonation in the explosive, much higher velocities, up to 4 times the re-
flected wave velocity in deflagration cases,are measured. The high velocities
then undergo a transition, begin to decay and approach the V r-Y required
by an ideal plane explosion. Correlation of these velocities with plane ex-
plosion theory is given in Sec. 4.7.4.

For most of the low initial pressures investigated the detona-
tion wave was overdriven, hence a direct comparison of the wave velocity with
the predicted steady detonation wave velocity is not possible. However for
run Nos. 49, 114, and 121 shown in Fig. 86 the initial pressure was high enough

and the ignition phenomena was such that the wave decayed to a steady detona-
tion before reaching station1 and travels the remainder of the chamber at a
constant velocity of 3.06 km/sec. As shown in Fig. 90 this velocity com Pres
well with the predicted steady detonation velocity for these conditions. r

Before leaving the diocussion of the wave velocities, it is
worthwhile to elaborate on one of the questions posed by Makomaski9O, that
of the strength of the incident wave. As noted, the gaseous detonation wave
generated by the exploding wire, is initially overdriven, decays rapidly,
and reaches a velocity slightly in excess of Chapman-Jouguet velocity prior
to coll'ding with the explosive surface. This particular point is not of
trivial importance in the study of the initiation phenomena. In the
spherical geometry of the launcher the initially overdriven detonation wave
damps out very quickly (as r-3/2) and is probably moving at the C-J velocity
when it collides with the explosive. By insuring that the detonation wave

velocities in the one and threq-dimensional experiments are the same at the
instant of reflection, the peak pressures generated on reflection will. be thz
same. As shown previously, it is primarily the peak pressure which determines
whether or not an explosive will detonate. The pressure profiles of detonation
waves in the different geometries are quite different as can be seen from Fig.

8o
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58. The planar (v = 1) and cylindrical(1 = 2) cases (curves from Ref. 95 for
stoichiometric oxygen-hydrogen) have much smaller gradients behind the detona-

tion wave than does the spherical case (V = 3) (Ref. 58 7= 1.13) which-has by
comparison A very steep pressure profile. Further the plane detonation waye

profile cannot be made to match the spherical profile by a simple shortening
of the one-dimensional chamber size altnough in principle a better approxi-
mation to the spherical chamber case could be had by a muchreduced ( 1/3)

length of one-dimensional chamber which is clearly not practical here. How-
ever, as it is primarily the pressure peak and)not the length of time applica-

tion that is important in the initiation, the results obtained in the one-

dimensional chamber are generally valid-for the three-dimensional case pro-

vided the detonation wave velocities are kept the same. The last condition
while not satisfied exactly for all initial conditions investigated, is close
enough so as not to cause major discrepancies in the detonation pressure limit.

4.7.3 Detonation Pressure Limits

Using the velocity data and, as will be discussed in Sec. 4.7.6

the cup distortion data, it was possible to determine the lower limit of
pressure for which a given explosive sample would detonate. No attempt was

made to define the boundary with high precision since the emphasis in this

study was primarily on finding explosives with acceptable properties rather

than the precise definition of their properties. Specific results showing

the regions of detonation, deflagration and no combustion are shown in Fig. 91.
The circular symbols are the results of this study. The square symbols are

results of others. Filled symbols indicate detonations, half filled symbols

indicate deflagrations and open symbols signify no combustion. A combination
("sandwich") case is listed as a detonation only if both materials detonated.

For example, a (SF) PETN/PETN cloth run at 13.7 atm is considered a deflagration
As only the top layer of PETN detonated. For some runs at very low initial

pressures the explosive neither detonated nor deflagrated bit the surface
melted.

From Fig. 91 and Table 13 which are arranged generally in order

of increasing sensitivity, it can be seen that of the explosives investigated
there are 9 explosives or explosive combinations that will detonate for initial

pressures in the gaseous mixture of 11 atmos or less. These are lead azide,
superfine PETN, a lead azide-PETN mixture, superfine PETN/No.1 Pastecombination*,
superfine PETN/No.2 Past combination, PETN powder, PETN pressings and nitro-
cellulose. Those that will not initiate at this condition are Nosl and 2
pastes, blasting gelatin, FETN-EL-506 combinations, tetracene, cast ETN,

picric acid, tetryl, mercury fulminate, lead azide/Heller combinations, lead
azide/EL-506 combinations, nitromannitol, corregated nitrocellulose, OHMX, PETN

fabric, superfine PETN/PETN fabric combinations, Heller, EL,.506, DINA, and lead
azide-polyurethane mixtures. This last material would not even ignite at 300

psia. If the initial pressure can be increased to 20 atmospheres then No. 1
and No. 2 pastes, PETN/EL-506 combinations, tetracene and cast PETN become
available. It is also possible that other materials, for example, mercury
fulminate and nitromannitol, may have suitably low initiation pressures,
however the study was directed to finding materials that would detonate at low
values (', 10 atm) of initial pressure, and detailed testsof these explosives
were not made.

* Trade names - composition defined in Sec. 4.7.7.
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While the present tests of lead azide werg2not carried below

1 atm, it is interesting to note that Andreev and Maslov observed that lead

azide initiated at initial gas pressures as low as 210 mm. Their experiments
were done in a tube 1.0 meters long. However, this would not have a strong

effect on the measured limit. From a presiure point of view, lead azide is an

excellent initiator. It is unfortunate that it is not acceptable from safety

considerations. Other materials reported by Andreev and Maslov include

picric acid, tetryl, "blasting geletin" and cast PETN. The only ther com-
parable work u2ing gaseous detonation waves is that of Makomaski,W who deter-

mined that EL-506 and cast mixtures of DINA and FETN would not initiate at
initial pressures of 98 atm. He also found that PETN pressings of 1.0 and
0.87 g/cc would detonate at initial pressures of 13 atm. but would deflagrate,
as evidenced by the lack of substantial deformation of the cups, at 12 atm.
The present study indicates that detonation extends to below 8.98 atm. for
PETN but deflagration occurs at 6.12 atm. This apparent discrepancy-is pro-

bably due to t he inability of the distortion measurements to give the finer

details. These details are discernable when the wave speeds are measured.

It is important to note that PETN becomes easier to initiate
as the packing density (related inversely to the fineness of the explosive
and the quantity of voids) decreases. For example, cast PETE requires 15 to
20 atm. to detonate, PETN pressings require 6-8 atm. The very fine grained
Superfine FETN requires only 2-3 atm. to detonate. Whether this is due to
the voids and their subsequent local hot spots or to improved heat transfer
from better surface area to volume ratio cannot be determined from the present

data.

Some insight into the initiation phenomenon can be gained
from a comparison of the present data with some data fromPETN initiation studies
obtained using a different initiation method. Seay and Sealy96 , used explosive

driven shocks at relatively low pressures to initiate PETN pressings at a
density of 1.0 g/cc. They obtained not only an initiation limit but also the

depth of penetration required to detonate. Their data, shown in Fig. 92,
gives the distance required to detonate versus the pressure induced by the
impinging wave. It is of interest to note that their data indicates the

depth of penetration varies as the cube of the pressure. They al o predict
a pressure of -3 K bars (- 45,Obo psia) to initiate FETN in a distance of 0.15
inchos. This pressure is equivalent to the pressure produced on reflection by

a stoichiometric-oxygen mixture initially at - 1000 psia. The lower pressure
measured in the present tests may be due to the heat transfer from the hot

gas products of stoichiometric oxygen-hydrogen. In Seay and Sealy'o tests the
shock was transmitted through either brass or lucite plates. The temperature
of the shock processed brass or lucite is at least an order of magnitude less
than the peak temperature in the gaseous detonation wave, (4l45oK)N O which
will funther increase by about an order of magnitude on reflection from a
solid surface. From this comparison it appears that the heat transfer may
play an impcrtant role in the initiation by gaseous detonation. However

further work is required to resolve this point.

It might also be argued that the explosive, particularly the
lead azide, is initiated by radiative heating from the incident detonation,
particularly since this mode of initiation has been identified by Roth97. He

showed that lead azide coid be initiated by the radiant heat flux to the
explosive surface by shocks travelling at 8.3 millimeters per microsecond in
17 psi initial pressure of argon. His results show that when the critical
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temperature of 9100 ± 30°K is reached by the lead azide, it spontaneously
detonates. Because of the high temperature of the shock processed argon
(29,000°K) the radiation could be considered as that from a black body at
that temperature. The wide difference in temperature, -41000 K for the detona-
tion waves as compared to 29,000°K for the argon shock, and the fact that the
radiative flux is a strong function of temperature negates this possibility
in the present tests. Further, if the lead azide were initiated by radiant
heating then the explosive could initiate prior to the arrival of the detona-
tion wave. This was not observed in the present experiments. Roth's experi-
ment does indicate that some explosives can be detonated by a purely thermal
pulse, independent of shock heating.

4.7.4 Shock Velocity - Explosive Yield Considerations

In Sec. 4.7.2 it was seen that for pressures greater than
a threshold pressure the explosives would detonate, as evidenced by the sub-
stantially enhanced velocity of the reflected wave. It is instructive to
examine the reflected wave velocities produced by different explosives atdifferent initial pressures for possible correlation parameters.

For an ideal plane explosion the strength of the blast wave
varies with distance as

P2 Etot -1
= K r (4.7)

and for the shock velocity 1

U = K tot r- (4.8)

Hypothesising that the present situation can be approximated by a plane explo-
s-Gon case and since the composition of the gaseous mixture is held constant at
2 , + C2 and the location of the probes fixed, it should be observed experi-
mentally that 1

Usf (i )2 (4.9)

if this hypothesis is valid. Plotted in Fig. 93 is the reflected wave
velocity extrapolated to the explosive surface using the (x-t) plane and
velocity data, versus Eo/pi for all explosive runs where complete or partial
detonations occurred. For partial detonations only the energy of the detonat-
ing layer is used in evaluating Ea. It is seen that the data follows this
variation for a wide range of En/pi. Velocities less than 1.79 mm/psec were
aiot observed since the reflected gaseous detonation wave sets a minimum to
the velocity at this value. Values greater than about 7 mm/psec are also not
observed. The data appears to be asymptotically approaching a constant
velocity - 8 to 10 mm/psec as Ea/,24 -* . As the velocity is taken at the
explosive surface where finite source effect are important this behavior is
not unexpected. For example, the calculated front velocity for TNT at a
density of 1.5 grams/cc driving air at 0.01 mm. hg. is 10.7 mm/psec. As the
detonation temperatures (sound speeds) of most explosives are grouped in the
range 5500 ± lO00,71 this "escape" velocity Can be taken as representative of
explosives in general. For driven gas initial pressures greater than 0.01
millimeters the front velocity should decrease proportionately. What is ob-
served is not inconcistent with this view.
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It is to be expected that for points away from the explosive
where the finite character of the source is becoming obscured that the agree-
ment with ideal plane explosion theory would be better. Plotted in Fig. 92 is
the average velocity taken between- the probes furthest from the explosive
versus E./pi. It is seen that the agreement is improved.

In order to calculate E/pi it is necessary to have
accurate values of ED and p.. A precise value for pi is immediately available
as one of the initial conditions of the experiment. E.,the energy per unit
surface area is not so easily obtained, since accurate data at various loading
densities is not available for all explosives. A word is necessary to explain
the values taken here.

To reduce the lead azide data, two extrapolations had to be
made as Q could only be found for a loading density of 4.0 g/cc (Q = 0.22 kcal/gm)

71

for which the corresponding detonation velocity in the explosive is 5.1 mm/psec.
Using these values as initial points the detonation velocity at p = 1.67 gm/cc
was calculated using the accepted detonation velocity-density71 variation
relation:

D = D* p* + M* (p.p*) (4.1o)

where M* from the same reference is 0.560 mm-cc/gm-psec. The value of D
obtained in this manner is 3.75 mm/psec. The energy release varies approxi-
mately as the detonation velocity squared,99 for an ideal explosive hence the
energy release at 3.75 mm/psec is

(4.11)

= 122 calories/gram.

The energy release of tetracene was assumed to be 0.4 kcal/gm.
Nitrocellulose has a value 0.965 kcal/gm.-0 0 For FETN at the various loading
densities considered Tre, values of Q were obtained from interpolating calcu-
lated values of Cook. The results of his calculations for various assump-

tions are shown in Fig. 95. Included in the figure are two measure-
ments of the heat of detonation made recently by Ornellas, Carpenter and Gunn, 1

using a bomb caloriieter. They report 1.487 ± 3 and 1.499 ± 5 kcal/gm for con-
fined and unconiuned charges of PETN at a density of 1.74 gm/cc. These two
values differ from Cook's calculated values by less than 2%. This amount of
disagreement between precise calculated and measured properties is better than what

is generally to be found in explosive research at this time. The disagreement
comes primarily from lack of knowledge of the precise equations of state for

* the explosive and explosive products. Of late, cor iderable interest has been
shown in this area as evidenced by the flood of papers at recent symposia

1 0 2

on this topic. However there is no general accord as to what the precise
equation of state is for any given explosive although many reasonably accurate

descriptions are available. It has been suggested by Davis, Craig and Ramsey
10 3

that perhaps the assumption that an equation of state exists is false, since
in order to properly apply equilibrium thermodynamics to the problem, the
chemical reaction rates must be much faster than any other process in the
time scale of interest. Information about reaction rates in solid phase
detonations is non-existant
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4.7.5 Detonation Delay Measurements

It can be seen from the (x-t) diagrams (Figs. 84 through 87) of
the explosive cases taat result in detonations that the reflected wave trajectory
extrapolated back to -he explosive surface, does not interesect with the incident
wave trajectory. The fine details of the trajectories at the explosive-gas inter- P
face cannot be obtained from the present measurements. From what is known of the
physics, it can be surmised that the initial reflected trajectory is that of the
reflection of a gaseous detonation wave. After a short delay in which explosive
burning begins to build up to a detonation a left running shock is created that
out-races the original reflected shock, overtakes and strengthens it. In some cases,
for example lead azide at p. - 6 atm,(run Nos.58 and 67 of Fig. 811s, the ex losive
detonates virtually instantly and no intermediate shocks exist. In other cases,
for example superfine PETN at pm 3 atm (run No. 199 of Fig.87), the delay is
such that the initial reflected wave is nearly halfway back across the chamber
before it is overtaken.

By extrapolating the incident and reflected wave trajectories to
the reflecting surface, a delay time for initiation, characteristic of the explo-
sive at that initial pressure, but not an exact explosive initiation delay time in
any absolute sense, can be determined. The characteristic delay time is de-
fined as the tivie between the extrapolated incident and reflected waves at the
explosive-metal interface. As was seen from Fig. 84, the lead azide is initiated
almost instantaneously or at least in times less than - 1 psec. This property
is a very desirable one, since it satisfies the criteria of nearly simultaneous
initiation of the explosive. Unfortunately, it is not possible to determine whether
the explosive initiates at the front surface or on reflection of the shock from
the explosive-metal interface. From the extreme sensitivity of the lead azide it
is summized that the explosive probably initiates at the gas-explosive interface
except when the initial pressures become very low. The other explosives require
the increased pressure on reflection of the shock at the explosive-metal inter-
face for initiation if shock heatingisindeed the mechanism. For initial pressures
of 89 and 92 psi (Run Nos. 67 and 58), the ignition delay time of lead azide is
effectively zero, or at least less than 1 psec. For run No. 170 where the
initial pressure was reduced to 30 psi in order to gain a high value of E/pi
or 48.8, hence a high reflected shock velocity, the delay time for lead azide in-
creases to a measurable 4 psec. In this case the reflected detonation wave pro-
pagated outward approximately 1 cm. before being overtaken by the strong shock
produced by the detonating lead azide. The other explosives investigated behave
similarly but generally have ronger delays than does lead azide as can be seen
from the other (x-t) diagrams.

Characteristic ignition delay data obtained in the fashion is
plotted versus initial pressure in Fig. 96, and tabulated in Table 14. While
the data is insufficient to make quantitative predictions of the variation of
delay time with initial pressure, qualitatively it does appear to havc the
strong dependence on pressure. The PETN pressings at 1.00 gm/ccnitrocellulose,
tetracene, and the PETN paste formulations have essentially the same initiation
delay characteristics. The PETN pressing at 0.87 gm/cc and the less dense
"super fine" PETN (P = 0.59 L m/cc) appears to give generally shorter delay times,
in that order, in qualitative agreement with the hot spots theory or the concept
that the fine particles have favorable surface to volume ratios hence are more
sensitive to convective heat fluxes.

85



i~: I
f It should be appreciated that this method of determining the ignition

delay of the explosive is very rough. The actual ignition process and the dynamics
of the interaction of the gaseous detonation wave and the explosive is very com-
plex. In aA probability the detonation wave reflects from the gas-explosive
interface producing a transmitted shock wave which propagates into the explosive,
compacting it in the case of porous explosives, and a reflected shock. Subse-
quently, the transmitted shock reflects from the explosive-solid interface. At
some point in the explosive a critical condition of pressure and temperature, is
reached for a given period of time either through shock heating, convective heat-
ing, local hot spots or a combination of effects and the explosive detonates. To
assume that PETN for example, initiates instantaneously at the gas-explosive inter-
face as was suggested by Makomabki9 0 is clearly not valid in light of the present

delay time data. It must be recalled that his data was limited and a time re-
solved display of the events was not possible.

It is possible that an explosive could detonate after a sufficient-
ly long delay time ( _- 20-30 sec) that its effect on the reflected wave would not
be felt in the dimensions of the present apparatus. This is an academic point for
the implosion driven launcher since the requirement is that the explosive detonate
in time to be available to strengthen the imploding wave. As such, any explosives
which would not initiate soon enough to be effective in the length of the one-
dimensional chamber, i.e., within -10 sec. would be of no use in the implosion
driven launcher. However the delay time could be relaxed proportionately for
larger diameter chambers.

4.7.6 Witness Cup Distortion Data

The witness cups that hold the explosive samples provide addition-
al information as to the type and "quality" of the explosive combustion. It was
this single data source which was used.,by Makomaski to determine the detonation
limit for the PETN pressings. In all cases where the measured reflected wave vel-
ocity wac comparable to that of a reflected gaseous detonation wave, no damage
marks could be found on the surface of the cup. These two pieces u: coroborat-
ing evidence are taken to show conclusively that the explosive deflagrated. In
all cases where the reflected wave velocity showed an enhanced velocity, damage
marks were visible on the cup surface. For sandwich type samples, where only
the top layer detonated, the damage was limited to the sides of the cup where
the detonating explosive was in intimate contact with the cup.

Two representative types of damage marks are shown in Fig. 97.
For PETN pressings, grooves separating cells, seen in Fig. 97a, were found
suggesting very high pressures locally. This sort of pattern would be pro-
duced if detonations were initiated at only a few isolated points in the ex-

plosive. The grooves would be produced by the collision of detonation waves,
which substantially increase the pressure over the C-J value and are the loci
of the collision points. This type of behavior wherein the explosive detonates

$ at only a few points would be expected to produce bulging and distortion in the
shock which is generated. Whether or not the observed cell size ( 1 centimeter)
is sufficient to destroy the spherical symmetry for an implosion case is not
known but it is unlikely that it is favorable to the implosion.

In contrast to this behavior, the damage marks produced by the
explosives that are known to initiate nearly instantaneously, such as lead
azide, were homogeneous over the entire surface as shown in Fig. 97b Superfine.
FETN also produced uniform markings even to initial pressures as low as 50 psia.
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This is taken to indicate that the explosive not only detonated but initiated
at a large number (l0's/cm 2 or greater) of points. This property is very de-
sirable for the generation of a symmetric imploding wave. It is this uniformity
of initiation property along with the low initiation pressure which prompted the
decision to use the superfine PETN for the implosion work.

4.7.7 Summary and Discussion by Type and Conclusions

The results for the various explosives and explosive combinations
are discussed by type below.

Lead Azide (PbN6)

The dextrinated lead azide used in this study was obtained from
E.I. DuPont, DeNemours and Company of Pompton Lakes, New Jersey. It was certi-
fied to comply with military specification MIL-L-3055A. Analysis by the supplier
indicated the material to be 93.31 percent pure, 0.49 percent soluable in water
have a density of 1.67 g/cc and "aggregates free from needled-shaped crystals
having a maximum dimension greater than 0.1 millimeterl'0. The sensitivity of
lead azide to initiation increases rapidly as the size of the particles increases.
Crystals 1 mm. in length or greater are liable to explode spontaneously probably
because of internal stresses. Dextrinated lead azide, as used here can be
stored for long periods of time probably because the growth of the crystals
is inhibited by the dextrination process. "Service lead azide" which is not
inhibited, is known to become more sensitive with time, when stored under water
probably because of the growth of the crystals.10 5

Approximately 10 pounds of lead azide were consumed without mis-
hap during the study. However, as pointed out by Duff6  and KauffmanO this
should be taken as good fortune rather than evidence of reliability, as lead
azide has been known to initiate without external cause. While this is of little
consequence when using a few milligrams, it could cause fatal injuries in the
amounts used here. As such, its use at this laboratory has been subsequently
discontinued.

This was very disappointing since the initiation properties of
lead azide are very close to ideal. For pressures., as low as 15 psia the mea-
cured delay time is only 4 psec. For pressures of - 100 psia the delay time is
less than 1 psec. However, the energy density of lead azide is low, 1/10 that [
of PETN hence a liner of lead azide would have to be - 10 times as thick as an
equivalent secondary explosive liner. However, a mixture of lead azide and PETN 4
was observed to retain the sensitivity characteristics of the lead azide, at
least to 6 atm initial pressure, and also the high energy density of FETN. Lead
azide was not able to detonate EL-506 or Heller even in fairly thick layers
probably as a result of the low detonation pressure at this loading density
(~ 5.7 x lO5 psi at P = 1.67 g/cc).These last few points are academic in view
of the decision not to use this material.

Lead Azide - Poly-rethane

Samples of a 75% lead azide - 25% polyurethane explosive developed
by Abegg, Fisher, Lawton and Weatherill 106 of Aerojet General Corp. were also
tested. Its chief virtue is that it has a low detonation pressure, (not to be
confused with low initiation pressure) compared to pure lead azide. As it can
be made in flexible sheets, manufacture in a hemispherical shell would be simpli-
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fied. Unfortunately, pressures up to 300 psia did not initiate even deflagration
in the explosive hence this material is clearly not suitable for use with the
implosion driver. Further, difficulties experienced with the manufacture of
the samples indicate that the hazard of this material is comparable with lead
azide in its usual form.

Heller

Heller, a solid propellant that was developed by the Canadian
Armament Research Establishment has properties closely resembling JPN propellantl

9 7

It was investigated also because in sheet form, it could be readily manufactured
into shells. Unfortunately, it will not detonate at initial pressures of 12 and
18 atms. When used in combination with a primer layer of lead azide it also
shows no tendency to detonate. It is this loperty which has made it a reliable
solid propellant, but which negates its use in the implosion driven launcher.

Tetracene

Tetracene (1-Guanyl-4-nitrosoaminoguanyl tetrazene) is commonly
used as an intermediate booster in detonators to increase their efficiency. It
is relatively sensitive to heat and has been used commerically mixed with other
materials in explosive rivets which are initiated by heat. As evidenced by the
enhance reflected wave velocity at 270 psi, it appears to detonate. However,
the damage to the witness cups was slight and generally non uniform. Further,
the measured delay times were the longest at a given initial pressure of any of
the detonating explosives that were investigated. For these reasons it does
not offer much promise for use with the implosion driven launcher.

EL-506

ELr506 is the trade name of a product containing PETN and "other

ingredients" which is formed into a tough, flexible, rubber like, product and
marketed in thin sheets (0.084 to 0.0328' by E.I. DuPontl08 . The ease by which
it could be manufactured into hemispherical shells made it very attractive.
However, its sensitivity compared with raw FETN is mach reduced by the addition
of the "other ingredients" to the point where it will not detonate at 98 atm
initial pressure. Further a lead azide primer layer will not initiate it at
90 psia, but a PETN primer layer at 250 psia will. However, if a FETN primer
layer is required,it is simpler to make the entire liner from FETN, hence there
is no advantage to using the PETN/EL-506 combination.

Nitromannitol (Mannitol Hexanitrate)

This material is commerically available from Atlas Chemical
Industries, Wilmington, Del. It is used commonly in detonators and is con-
sidered to be "almost" a primary. It has a sensitivity to impact and friction
comparable to nitroglycerin l O5 . Its inability to detonate at 91 psi was sur-
prising in light of this data. Subsequent investigation showed that it can be
obtained in two forms, a grain form having grain size of -1 mm. which is in
common use in detonators and a cryataline for, ,'hich has long thin "fiber like"
crystals aboat 0.1 mm in diameter which is not commercially available. The
grain type was used in the present tests. In light of the other results it is
summized that the crystaline form is more sensitive and might have been
detonable at moderate pressures. As several suitable materials had been found
by the time this information was known, further study of nitromannitol was not
persued. 8
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Nitrocellulose

The nitrocellulose used in this study was nitrated to 13.45%

nitrogen which is close to the maximum nitrogen content (14.14%). It was
pressed to a wet density of - 1.8 g/cc. The dry density was - 1.3 g/cc. As
evidenced by the uniformity of the markings on the witness cups, the low pressure

limit 11.2 < Pi < 11.6,. and high enegy convant, nitrocellulose is very suitable
for use in the implosion driven launcher. Howeverthe pressing of the fiberous
nitrocellulose into a shell with uniform thickness and density has not beenj
attempted. As the fibers provide structure, an additional matrix for strength
is not required as with the PETN. It is possible that a shell could be manu-

factured by pressing smaller segments, the density and thickness of which could
be controlled, which could then be cemented in place in the metal shell. As
such, this material is a suitable back-up material if for any reason the use

of PETN has to be discontinued.

PETN

Of all the explosives tested in this application, PETN shows
the most promise. Pentaerythritol tetranitrate (C5H8Ol 2N4 ) is made by nitrating

pentaerythritol, a white crystalline compound of formaldehyde and acetaldehyde.
Its chemistry, derivatives and effects are well gnown9 3 . Further, total pro-
duction of pertaerythritol in 1958 was 1.41 x 10 pounds of which -. percent
is the explosive, hence it is readily available and inexpensive.

In the present study, a number of different formulation of FETN
were investigated. Initially tests of pressings of PETN crystals at p = 1.0 and
0.87 g/cc indicated that this configuration would detonate for initial pressures
less than 8.98 atm, and showed that the delay times were both reasonable
(< 10 iLsec) and decreased with increasing initial pressure. However, manu-
facturing a hemispherical shell from dry crystals of PETN did not appear possible,

and this material was temporarily abandoned.

Later several proprietary formulations of PETN were suggested by
Canadian Safety Fuse Ltd. These included a PETN fabric, and Superfine PETN

(SF-PETN) combined with binders and separately. The PETN fabric, details of
which are proprietary, could be manufactured in a hemispherical shell, but
would not initiate at 200 psia nor in conjunction with a primer layer of PETN,
although a standard blasting cap is sufficient for initiation. The No. 1 and
No. 2 aTN pastes which were composed of 65% Superfine I TN 5 -lOp, 29% water
and 6% binder and 74% medium fine MT oO-15p, 22% water and 4% binder
respectivelj, were developed by Welsh 7 of Canadian Safety Fuse in an attempt
to solve the manufacturing problem. The pastes which have the consistancy of
putty can be fabricated in virtually any shape. The results of the initial
experiments indicated that the binder was reducing the sensitivity of the pastes
perhaps by coating the individual crystals. Configurations using superfine PETN
layers on the pastes showed that the initiabion properties were improved but
it was difficult to make the superfine PETN adhere to the paste.

In an attempt to define the effect of the binder on sensitivity
a quantity of the paste was washed, and allowed to dry undisturbed. Dried, it
remained an. integral, yet somewhat fragile solid, which would maintain its
shape provided it was not jaired. Subsequent tests showed that pure superfine
PETN could be mixed with water, dried, and would have the same property. To
improve the strength of the dried form and as a guide for thickness, an open
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pore foam plastic, which could be cut in thin layers was first cemented to the
witness cup and the pores filled with PETN. The strength of the resulting liner
was markedly improved.

Tests of this configuration at 3.4 atm (~ 
50 psia) showed it

would detonate, but with a 12 psec delay. At 6.8 atm ( ~00 psi) the delay
was reduced to a nominal 3.6 psec. Further the markirf on the witness cups
indicate unifcrm ignition over the entire surface. For p1 < 1.7 atm the PETN
surface showed melting but no deflagration, hence the deflagration region for
this material is rather narrow.

On the basis of low initiation pressure, uniformity of ignition, A
explosive yield, and ease of manufacture, the superfine PETN formulation is
ideally suited for use with the implosion driven launcher. A further advantage
of this formulation is its low detonp ion pressure. As can be seen from Fig.
98, which shows data from Cook7 1, the detonation pressure can be related to the
density by

PD = K p2  (4.12)

where K = 7.8 x 10 atm--m6 /gm2

for PETN. Reductions in density can bring about substantial reduction in detona-
tion pressure. The SF-PETN formulation has a density of 0.588 g/cc. The
corresponding detonation pressure is 2.65 x 10 atm ( 3.9 x 10; psia). The
detonation pressure at 1.0 g/cc is 7.7 x lO atm a factor of - 3 higher. This
property alleviates the problem of protecting the chamber from high pressures
generated on detonation.

4.8 Alternate Initiation Schemes

The gaseous detonation wave initiation technique described in this
section is only one of a number of ignition schemes that have been proposed. It
has the advantage that it is simple and straight-forward. However, it requires
expolosives that can be initiated by fairly weak shocks and the driving gas is
made up largely of the products of combustion i.e., dissociated high temperature
water. It was also seen both experimentally and theoretically that the best
performance is obtained-using a stoichiometric mixture primarily because gamma
is a minimum for this case. A pure hydrogen driver which has a room temperature
gamma of 1.4 has been studied by Bjork1 10 and found to have a low value of gamma(-
1.24)for high temperatures Further, its low molecular weight is much less than
that of the water vapor left by the combustion of the stoichiometric oxygen
mixture, hence it is a very favorable driving gas.

To take advantage of these properties requires a different
ignition technique. It hasbeen suggetedby Wright1 11 , that a light sensitive
explosive applied to the surface of the explosive liner~when exposed to a intense
light pilse, as say from an exploding wire, would detonate and subsequently
initia:,e the under layer. The initiation would be virtually instantaneous since
the light is received everywhere instantaneously. Further, the driving gas com-
position can be chosen arbitrarily. Silver azide has the necessary properties
and has recently been studied elsewherell2,113,114 in this connection. Safety
aspects require that the sensitive layer be applied in situ, perhaps by precipi-
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tating silver azide onto a granular explosive layer from a solution of silver
nitrate, by passing acetylene through the liquid. Apparatus for the investi-
gation of this technique was started but is temporarily shelved.

Another technique which was proposed, investigated and found
lacking is the multipoint initiation technique. It was proposed that if the
explosive could be initiated at enough points that the initially perturbed
(scallcped) imploding sphere might be sufficiently smooth to allow most of the
implosions ideal character to be retained. Egperiments performed by Kennedy at
IITRI end reported by Glass and KennedyllS,ll used 91 detonators spaced around
the outside of a hemisphere which was lined with EL-506. The time resolved wave
front showed that the initial "jetting" at the detonators completely destroyed
the symmetry. It appears to be of little use in generating implosions although
the technique might be useful for investigating instabilities where perturba-
tions are purposely introduced.

4.9 Verification of Initiation Results in the Hemispherical Chamber

While the demonstration that explosives exist that will detonate
under moderate pressure loadings with a small time delay, in a one-dimensional
framework is necessary, it is not sufficient to guarantee that the same explosive
will behave similarly in a hemispherical chamber. Four differences in conditions
are to be noted. Firstly, the pressure-time history of the reflecting detonation
wave in the spherical case is foreshortened in time over what it isin the one-
dimensional chamber. Secondly, the spherical detonation wave requires a high
degree of symmetry if the wave is to reach every point of the explosive simul-
taneously. The one-dimensional investigation while very useful in other ways,
gave no information as tb the quality of the planeness of the wave. Thirdly,
the variation from point to point of the ignition delay of the explosive must
not be too large. If the delay is not uniform over the entire liner, the initial
spherical symmetry will be lost. Finally, it was feared that the spherical
implosion would be unstable to small disturbances. It was reasoned that since
explosion waves are stable in that shock front disturbances are damped out with
time due to the geometrical divergence and that plane waves are neutrally stable,
that implosion waves would. be unstable due to geometrical convergence.

There appears to have been very little work done on the stability
of implosion waves. Zaidel and Lebedev1 1 7 have analysed the case for 7 = 7, 6 =3
and determined it to be stable. How ver, these conditions are not very represent
ative of the case at hand. Butlerll has analysed an imploding wave for various
mathematical representations of disturbances and found some representations to
be stable. However, the connection between the representations and physical
reality is not clear. The verification of stability in this study would have
to be experimental.

An experiment was conceived which would provide conclusive answers
to most of the above questions. The nozzle insert which fairs in the hemispherical
chamber with the barrel was replaced by a solid copper plug 1.5 inches in diameter
and 0.5 inches thick. The plug served to seal the chamber and provided a witness
plate for the implosion. Two runs were proposed. The first using a stoichiometric
mixture of oxygen and hydrogen at 500 psi would indicate the degree of symmetry
of the expanding spherical detonation wave provided that the subsequent implosion
wave, which results from the reflection of the gaseous detonation wave at the outer
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wall, was stable. Calculations indicated that the pressures on iiplosion
would be greater than the yield strength of the copper block hence the region of
high pressure around the focussing region would be evident.

The implosion print, captured by the copper block is shown in
Fig. 99a. From tbhe figure the symmetric indentation - 2 mm dia at the very centre
is evident and is proof of a very high degree of symmetry of both the exploding
detonation wave and the imploding shock wave. Spaced on either side of the center
depression are two less pronounced depressions which may have been caused by
subsequent cycles. The marks around the periphery are peaning marks from
installing the block.

Next, a similar run was made using a 100 psia stoichiometric
oxygen-hydrogen mixture and an 81 gram liner of PETN. Any deviations in character
from the previous run would be caused by the explosive. The resulting print
is shown in Fig. 99b. The near perfect symmetry and the effect of the extremely
high pressures generated by the implosion is clearly evident. The entire copper
block has yielded and had begun to extrude down the barrel before the pressure
was relieved.

While the questions of the detonation wave symmetry, significance
of ignition delay time jitter and the validity of carrying across the results of
the one-dimensional study to the hemispherical case have been answered by these
crucial experiments, the question of the stability of the imploding wave is not
completely settled. However, it can be stated that if the implosion is unstable,
its rate of divergence is sufficiently low as to not to destroy the symmetry of
the implosion for the dimensions and conditions experienced here. Whether or
not an implosion in a hemisphere several times this size, would retain this de-
gree of symmetry is not known. Future work with the hemispherical chamber will
be done in an attempt to define the parameters which control the symmetry of
the implosion.

Implosion Pressure Measurements

The imprints of the implosion left in the copper witness block
provide a direct but not unambiguous measurement of the pressures produced on
implosion. Yielding of thz block occurs for pressures greater than the yield
strength of the material, hence the outer edge of the yielde:d region fixes the
radial position of the implosion pressure which is equal to the yield stress of
the copper provided the material is assumed to yield instantly. This assumption
must be taken with reservation since it will require a finite length of time to
displace the surface of the yielded regions. As Puch the pressure "measured" in
this manner will be low by an undetermined amount. A sample taken from the
same bar assupplied the ,Titness blocks was sr'2jected to a compression test and
the static yield strength in compression dctermined to be 28,750 psi1 1 9.

An inspection of the 'opper block from the gas run showed yield-
ing has occurred out to r = 0.5 ± .1 cm. For the explosive run, the entire
block had yielded hence pressure: greater than the yield stress extended oeyond
r = 1233 cm. An estimate of the radial limit of the yielding that would nave
been obtained for a larger bliock was made by plotting the deflection versus radius
and extrapolating to zero deflection. This resulted in 2.6 < r < 5.2 cm. which
could be in considerable error as the extrapolation is large and the slope of
the curve is relatively shallow.
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These values are plotted in Fig. 100 with the peak pressures behind
the incident and reflected shock waves for both cases using the implosion in a
sphere model. As shown previously (Sec. 3.1.4) the predicted pressuT s in the
stoichiometric case are about a factor of 2 greater than those predicted by
Brode for the Pame initial conditions, hence the predicted curves may be zoo high {-
by this amount. On the other hand the measurements are low by an unknown amount.
In view of this, it would appear that the pressures obtained on implosion are
in substantial agreement with what is expected for both the gas and the explosive
driven cases, at least lip to the 28,750 psi point. Whether this agreement would
extend closer to the origin is a matter of conjecture which only further measure-
ments can resolve.

5. IMPLOSION DRIVEN LAUNCHER EXPERIMENTS

In this section the procedural details of the experiments which
were conceived and carried out asing the prototype implosion driven launcher
will be discussed. The performance was discussed in detail in Sec. 3. The
existing apparatus will be described with particular attention paid to the

limitations imposed on the performance by the weaknesses in th? prototype cham-
ber, as well as suggested steps that can be taken to overcome this and other
limitations.

5.1.1 Launcher

The implosion driven launcher is composed of essentially three
assemblies, a hemispherical chamber, a barrel and auxiliary (ignition, gas, vacuum,
filling etc.) systems. A view of the launcher shown in the firing position is
given in Fig. 101. i

gFe chamber is essentially an 18-in. dia. high-strength steel

block into which has been machined an 8-in. dia. hemisphere. A view of the
chamber in the opened position is shown in Fig. 102. As holes and "cutouts"
introduce stress concentrations and reduce its strength the chamber proper has
nc. "cutouts" in the walls in order that its strength be as great as possible.
The chamber block is closed by a circular top plate which is placed on top of
the chamber, (see Fig. 2). In the plates (several different models exist) are
machined O-ring grooves for pressure and vacuum sealing, connections for the
barrel, high voltage feed throughs for bringing in the ignition wires, pressure
connections for venting and filling the chamber and in two of the plates,
numerous instrumentation ports. These have been used at various stages in the
launcher project1 2 0 ,12 1 for a variety of instrumentation, heat transfer gages,
pressure gages, and ionization (time of arrival) gages in particular. These
ports have bcen designed such that other instrumentation, fcr example photo gages,
windows for photographic studies etc., could be incorporated without difficulty.
As these ports substantially reduce the stiffness of the plate, one top plate
has only three holes: gas inl4.t, ignition and barrel connection, for the pur-
pose of containing bigher performance runs. As will be seen later, even this
plate i5 not sufficiently stiff to contain the amounts of explosives that it is
desired to use. The others are severely limited in explosive applications. The
side of the chdmber is threaded to receive a coupling ring whichscrews down ono
the chamber and holds the top plate and chamber in cqntact.

A previous student experienced difficulty in unscrewing the coup-ling ring after runs in which O-rings were extruded between the chamber and top
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plate. When this occurs essentially a giant friction device is pro-
duced w.hich requires a large messure of brute force to release. To overcome
this o4-i inch diameter threaded holes r.ere machined in the top plate and
fitted with socket ead set screws. The coupling ring is then brough to with-
in - 1/16 of an inch of the top plate and the remaining clearance taken uD
with the set screws. While this solved this particular problem, it sub-
stantially weakened an already marginal design. Tis point will be discussed 3
further in Sec. 5.1.2. The chacber assembly is fitted vith a ring trunnion and
is free to rotate through its center of gravity about a cross range axis allow-
ing the chamber to be tilted over for firing and to be positioned vertically

for loading. The carriage is free to move fore and aft to acco=odate various
length barrel.3 and the chamber is fitted with adjusting blocks for vertical and
cross range fine rositioning.

Provision has been made in the top plate to fit an assortment of
barrel types. To date two different types have been wsel: smooth bore 0.22-in
I.D., 1-in. O.D. barrels of nominal 4 and 5-ft lenpths have been used, and high-
pressure tubing types. The 0.22 in. barrels were fabrica.AI by the Canadian
Arsenals Small Arms Division* for this laborator- and have performed admirably
in ser lce. The maximum barrel length obtainable for this bore is limited to
five feet. Unfortunately the erosion which occurs in the high performance runWs,
makes it necessary to cut off and remachine the breech end of the barrel to
remove the enlarged bore after only a few runs. So=- examples of erosion are
shown in Fig. 103. The erosion shown in Fig. 103a is the resvlt of 6 to 8 runs
using constant volume combustion of stoichiom-trie oxygen-hyd-ogen diluted with
helium or hydrogen at initial pressures of 100 to 500 psia. In an atemot 7-
to avoid this problem, replaceable inserts were designed for the entrance region
-to the barrel. However, it was found that the barrel still eroded downstream of
the joint between the main Dart of the barrel and the insert, 3 probably as the
res/lt of the increased heat transfer due to the tripped flow. An example of
the erosion of the insert caused by a single gaseous detonation run using 500
psia of stoichiometric oxygen-hydrogen is shown in Fig. 103b. It can be seen
that the higher pressures and temperatures of the detonation driven run con-
siderably increase the erosion. The oarrels are too expensive ($!50/unit) to
use in this fashion on a day-to-day basis, and have been used primarily for
low performance work and on special occasions, for explosive work.

An alternate barrel design which uses Aminco** type No. 45-12110 and
No. 45-11220 heavy wall tubing and which has been reamed and polished has also
been used. The quality of the bore finish does not compare favorably with the
smooth bore 0.22-in. barrels and may have been responsible for some of the pro-
jectile damage. Presently steps are being taken to improve the finish. As the
raw material cost for these barrels is - $4.00/ft and as approximately 6 ir.at
the breech end must be icmoved after each run, the barrel Cests are very favorable
provided the finish can be improved. An example of the erosion produced in .he
barrel by a single 81 gram FETN run is shown in Fig. 103c. The erosion which is
very severe ,extends to about 20 calibers downstream of the _-trarce to the barrel.

* Canadian Arsenals, Small Arms Division, Long Branch,Ontario, Canada.

* Aierican Instrument Company Trc., Silver Spring, Maryland.
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The 0.22 in. dia. barrels are sufficiently stiff and short that no
sunoort other than at the chamber and muzzle end is required. The length and
outside diameter of the Aminco tubing barrels is such that support must be pro-
vided at several stations along the length of the barrel, to maintain alignment.
At present alignment is taken from the outside diameter of the barrel. It is
possible that variations in the wall thickness and concentricity of the bore

may in fact result in a non-aligned bore as the manufacture:' 3 sz&:..ications
require the variation in straightness to be only less than COeu in./ft. Future

improvement in launcher performance will require an improvement both in barrel
finish ard alignment, as they are both very important at high velocities.

Auxiliary Systems

The high pressure gas lines and the associated vacuum system, gages
-and valves, necessary for evacuating and filling the chamber are incorporatedinto an integrated system for the entire range facility and serve both the hyper-

velocity launcher and the one-dimensional chamber. The system is discussed in

Sec. 5.1.4.

Ignition is accomplished by discharging a capacitor through a 5C22
hydrogen thyratron into an exploding wire which is held fixed at the origin of

the hemisphere. Minimum capacitor voltages of 6KV and a capacity of 7.5 mfd
(135 joules) are sufficient to initiate a detonation wave for most of the
operating conditions encountered. Of the stored energy (135 joules) only a
fraction probably is dissipated in the exploding wire. The remainder is lost
in the thyratron and cable. Earlier work 3,120,121 was done with exploding
wires, some as long as 1.0 in., and with other arrangements such as spark gaps
and small explosive charges. Iiile long wires are acceptable for deflagrating
combustion they are entirely unsatisfactory for generating spherically symmetric
detonation waves. Further, care must be taken to assure a good electrical
connection at the inside of the electrical feed-throughs or arcing can initiate
the detonation at this point as well as at .the gap. Problems with unsymmetric
detonation waves noted in Ref. 121 were subsequently traced to this source.

For the present work an exploding wire - 1/16 in. long and 0.002 in.
dia. was positioned at the origin. This technique was developed in conjunction
with Watson 3 who used it to obtain excellent symmetry characteristics.
Symmetry was taker from time of arrival measurement of the outward moving
detonation wave at three radial positions. The high degree of symmetry can
also be inferred from the focussing results of Se-. 4.9.

During the initial few firings of the chamber and range it was noted
that strong electrical interference flom the exploding wire and its associated
circuitry was present on all of the oscillograph traces, This same electrical
interference was noted by Makomaski9O and prevented any quantitative pressure
measurements. The problem was traced to a number of ground loops in the cir-

cuitry, which were picking up the strong field created during the discharge of
the ignition capacitors. This type of interference is fairly cormon among
facilities or devices using high currents, as for example electrically driven
shock tubes and pulsed-plasma devices using capacitor discharges. It can be
avoided simply by removing the ground loops i.e., insuring that all grounds
connections return to a common ground by a single path. In this case the re-
moval of the loops reduced the interference to a toleraole level. The noise
was further reduced to virtually zero by shielding the entire ignition unit,
using RF suppressing capacitors on lines leading into the unit, using double
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shielded coaxial cable on the cable connecting the ignition Unit and the chamberg
end using a shielded connector at the chamber. No further trouble from this

source has been experienced since these modifications were incorporated.

5.1.2 Chamber Strength Considerations

The peak pressures that are generated inside the chamber by the
detonating explosive are much higher than those usually encountered in gun or
shock-tube operation. Accordingly a critical review of the original design

calculations was undertaken before any explosive runs were attempted, to ensure
that unexpected failure would not occur and to place an upper limit for safe
operation on the existing launcher. The chamber was designed by a previous
student in 1960,122 and first assembled in 1961.123 However, it was not hydro-
statically checked until the present work.

In the sections that follow it will be shown that the original de-
sign calculations were based on very optomistic and in some cases highly un-
realistic models. As a result, the strength of the chamber is not nearly the
assumed 100,000 psi steady state design condition. Subsequent modifications
to the chamber assembly by other students further reduced lts strength till it
was more like 5,000 psi steady state a factor of 20 less than originally planned.
Some improvements have recently been made in the form of triangular back-up
rings, a stiffened top plate to bring the limiting pressure to approximately
23,000 psi. A design has been made that can contain 100,000 psi steady state,
the original design goal. However, it has not yet been built pending future
launcher developments.

Chamber Block

The chamber block was probably designed using thick wall spherical press-
ure vesel theory. Detailed calculation do not exist for the record, but the
dimensions of the block seem to supportthis hyrpothesis. Provided that the
internal pressure p is less than cy/0.6 5, the maximum tensile stress which occurs
on the innar surface and in the direction pf the circumference is give for
thick wall spherical pressure vessels by

r°j * Y (5.1)

yri a y 0.65 P

The maximum hemisphere that can be included in the chamber has a radius of 9.0
in. The inner radius is 4.0 in., the minimum guaranteed tensile strength of the

*, material (Atlas. Steels Company AHT-28)12 "sl70,000 psi, hence from Eq. 5.1, the
maximum steady state uniform pressure that will produce yielding at the inside
surface is 252, 000 psi.

*, ~This figure is to be regarded with reservation as the stress at the
inside radius will be different since the actual chamber is not spherical but
hemispherical. An estimate of chamber strength can be made from hemispherical
considerations if the free diametrical plane is considered as a thin "washer
like" ring. Applying Lame's thick wal cylinder criteria, the maximum pressure
for yielding at the inner radius is 124
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a factor of 2.2 lower. While the pe!k pressures produced by the explosive at
the inner wall are well in excess of these two figures, the "average" pressure
is considerably less. However the application of any kind of "average pressure"

--taken over an arbitrary time interval is not a :realistic criteria as the time

interval can be adjusted to give essentially any desired "average" pressure.
The realistic strength of the chamber can only be obtained by doing a complete :
dynamic analysis, which is beyond the scope of the present work, but is presently

being investigated at UTIAS. In the absence of a complete dynamic analysis the
static design criteria has been applied, and indicates a positive factor of
safety at 100,000 psia for the chamber block.

Top Plate

The top plate which closes the chamber is subjected to the same high
pressures. The existing plate was fabricated from a circular slab of AHT-28,
18.0 in.dia. and 2.5 in. thick, heat treated to give a yield stress of 190,000
psi. The O-rings limit the diameter over which the chamber pressure acts to
8.625 in. The O-ring groove is 0.203 in. in depth leaving a minimum thickness
of 2.297 in.

The design calculations for this piece are a matter of record and can
be &crutinized critically. The plate design was based on a thin circular plate
plate theory, assuming clamped edges as in case "a" of Fig. 104. The radius of
the opening was taken as 4 in. instead of 4.31 (a factor, of 1.16 in stress and
1.34 in stiffness), and the equation for stress was erroneously taken with a t

3

in the denominator instead of t2 (another factor of 2.5 in stress). Further,
the maximum thickness was used rather than the minimum. No account of the
instrumentation and barrel attachment holes was made. It was further assumed
that the coupling ring would not deflect, hence a clamped edge constraint
applied. This last assumption is highly unrealistic as the coupling "ing is con-
siderably thinner than the top plate (1.750 inches compared to 2.50 inches) and
has a large 8.5 inch diameter hole in khe center, consequently it lacks the
stiffness sufficient to justify the clamped edge constraint. Later modificationJ

reduced the stiffness of the coupling ring even further.

In short, the calculation was both erroneous and highly optimistic. I
The calculations showed a design limit of 238,000 psi. If the calculations are
performed correctly for this highly unrealistic model, the design limit is
closer to 108,000 psi. The relation for maximum stress versus pressure is shown

model, to be 0.018 inches at 108,000 psi, which would have been acceptable pro-

vided this model were valid, which clearly it is not.

As seen in Fig. 107, which shows the various existing ana proposed
top plate designs, the top plate was originally designed to be held down by
direc' contact with lower face of the coupling ring. This design was very
susceptable to jamming and was consequently modified in 1964 by the addition of
two rows of set screws at r = 5.875 in. and z= 7.50 in. While this solved a
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serious jamming problem it further reduced the stiffness of the plate by the
addition of weakening holes and by moving the radius of the restraining force
from4.25 in. to 5.875 in. This case is reresented schematically by case C of
Fig. 104. Since the strength varies as ro , moving the restraining force location
by this small amount reduced the strength by a factor of 1.91 and stiffness by
a factor of 3.65. The weakening due to the holes is not calculable by simple
means, but is probably of the same order.

It was desirable to confirm the strength and stiffness calculations
by a hydrostatic test of the assembled chamber. A strength check, i.e., to
measure stress on the inside of the chamber, as for instance using strain gages,
would be difficult. The simplest and most straight-forward method of verifying
the model is a deflection-pressure test, which was performed using a number of
dial indicators spaced across the top plate and coupling ring. While some of
the indicators actually measured deflection of the coupling ring, the coupling
ring is directly in contact with the top plate at two rows of set screws hence
the measurement is directly the top plate. measurement at those places and
approximately the top plate measurement at places away from them. The slopes
of the measured deflection-pressure curves are plotted as deflection per unit

pressure versus radius in Fig. 108. This mode of presentation permits both
deflection-pressure information and deflection profile to be prescnted in one
figure. The "volcano" like shape of the curve rather than the "bell" shape anti-
cipated is a consequence of the 2.680 in. (across flats) hexagonal plug in the
center, and the fact that the coupling ring is not providing a clamped edge
constraint. It is seen that the deflection at the center is approximately 36
times that predicted using the optimistic clamped edge model.

While it cannot be stated conclusively that the original (no holes)
coupling ring design was inadequate, as the additional set screw holes have
made it impossible to measure the deflection for a "no hole" case, it seems
highly unlikely that the original coupling ring had adequate stiffness to
justify a clamped edge constraint for the top plate. The deflection at the
center which corresponds to incipient yielding is 0.093 in. However, the O-riDns
would have extruded prior to this in a manner shown in Fig. 109. Taking the
deflection at the first O-ring (from Fig. 108 as 6 = 4.1 p iin/psi and an
analytical representation for the extrusion datal26 supplied by the O-ring

manufacturer, asPfailure = 11.4 6 - °61 kpsi/thousandth

1500 < p < 10,000 psi (5.3)

and solvingyields as the limit pressure for the existing top plute as 4820
psia. The extrusion data is probably conservative, hence this Limit is probably
low.

It should be noted that this apparatus was used oy Watson for constant
volume combustion1 20 and detonationb3 driving. No troublei was experienced with
runs producing average pressures up to - 2500 psia. Rurs producing pressures
in the range of 5000 psi generally caused the first O-ring to fail while the
second one held. Those runs attempted which yielded pressures in excess of
10,000 psi caused both O-rings to fail. These results are in general agreement
with the present analysis and suggest that a safe limit on the existing top
plate is - 5000 psi if both O-rings are required t3 hold. Pressures up to
approximately 10,000 psi can be contained if inner O-ring failure can be
tolerated, however the action of the hot gases leaking past the O-ring has a
deleterious effect on the "O"-ring seating surface and this type of operation

should not be attempted.
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A more realistic analytical model of the existing top plate is that
given for a uniformly distributed localized load, freely supported at the edge
as shown in Fig. 109c. The maximum stress for this model is given by:

= 4.5 (1 ro ro p  (5.4)
mx3 t2

For the geometry under consideration (r = 9.0 inches, tmin = 2.297 inches)

%ia= l0.9 p (5.5)max

Assuming a maximum allowable stress of 190,000 psi gives a pressure limit of
17,400 psi. This relation is also plotted in Fig. 105. The deflection at the
center for this model is given by

= 1.41 2r2 2

max t3E

which for this case yields -6
=5.82 x10 p (5.7)max

This relation plotted in Fig. 106. One notes the excellent agreement between
this prediction and th. measured deflection of the existing top plate. This
is partly fortuitous since no account has been made for the holes, a factor
which is probably balanced by the coupling rings contribution to stiffness.

It should be clear that for the existing top plate 6he O-rings set
the upper limit in the pressure at - 5000 psi, but that even if this criteria
could be removed only modest gains (to 17,400 psi) could be made due to the
inherent lack of strength of the existing top plate.

Improved Top Plate

It should be clear from the last section that the existing top plate
was hopelessly inadequate for use with explosive driving. An improved seal
design would not help much since the pressure to produce yielding was only
17 ,4OO psi, hence a new top plate was required, one having a substantial improve-
ment in both strength and stiffness.

Two top plate assemblies were designed. The design to contain
100,000 psi (named the'high-pressure top platP) required both a new top plate
and coupling ring to meet the requirement. The lowest bid for the fabrication
of the assembly was $4,500.00, about twice the original cost of the chamber,
and an uncommonly long delivery time. It was decided to design and build a
less costly top plate, the "improved top plate", by using the existing nut,
improving the O-ring design and increasing the thickness of the top plate at
the expense of the load being taken up by fewer threads along the side. At

100,000 psi the shear stress in the threads is 73,400 psi assuming that only 2
of the threads are effective. Sinc the yield strength in shear is 105,000
psi (0.62 of the yield in tension)1 2 5 the threads have a safety factor of 1.43.

The improved top plate, as seen in Fig. 107c, is stepped. It has a

thickness of 3.000 in. at the periphery and is 5.000 in. thick at the center
step, which is 8 in. in diameter. The number of holes is reduced to the absolute
minimum of 3; - one each for barrel, ignition lead, and gas fill line instead

of the original 13.
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The step provides primarily for stress. relief around the holes.
Theoretically the ratio of deflection for stepped plate simply supported to a
plate of uniform thickness simply supported, for uniform loading, is given by

11 9

6 stepped to3 4O_
6uniform I ( )3J ) l

(5.8)
where subscripts o and i stand for outer and inner respectively. For the case
in point, this ratio is 0.881 or the step reduces the center deflection by
12%. This contribution will be most noticeable in the center region. The
major portion of the improvement comes from the increased thickness of the plate
3.00 in. instead of 2.5 in. (or 2.790 in. instead of 2.797 in. at the O-ring
groove) giving a factor of 1.49 improvement in strength and a factor of 1.82
improvement in stiffness. These relations are plotted in Fig. 105 and 106.
The calculated pressure that will just produce yielding is 25,900 psia. The
deflection at the center using Eq. 5.6 and accounting for the factor 0.881
calculated for the step is given by

6 =2.93 x 10 p (5.9)

The original O-ring design was also replaced by one using a triangular
metal backup ring on a suggestion from the O-ring manufacturer. The triangular
ring, shown in Fig. 109 which is made from a ductile material, deflects into

the space left by the deflecting top plate preventing the O-ring from extruding
and insuring a pressure-tight seal at pressures that would have caused extruding
for the conventional design. if the back-up ring is assumed to fail by shearing,

a pressure to fail, which is a funcion of the gap dimension, can be calculated.
The results of such a calculation12 are shown in Fig. 110. The limiting steady
chamber pressure is given by the intersecting curves, which for the brass rings
is 38,000 psi. Doubling the shear stress of the material to 76,000 psi by using
stainless steel rings, say, increases the limit pressure to only 49,000 psi,
an improvement of a factor of 1.26. This cannot be carried ad infinitum since

a ductile metal is required to deflect and seal the gap. The figure does show
the powerful effect of plate stiffness. Increasing the stiffness by a factor
of 2 results in an improvement in limit pressure of a factor of 1.57 (to 60,000
psia) even using brass and increasing the stiffness by a factor of 4 gives a
factor of 2.35 (to 91,500 psia) for this model. It is clear that the O-ring can
be made to withstand very high pressures without extruding bj the use of tri-
angular back-ap rings provided the deflection is kept very small.

To verify these calculations a hydrostatic test of the improved top

plate was also carried out. While hydrostatic testing is much safer than
using high-pressure gases, say, the elastic strain energy in the apparatus is
the same and considerable damage could be caused if the structure were to fail.

Accordingly, the pressure intensifying equipment which can produce up to 100,000
psi was located remotely from the apparatus. The apparatus was located in the

blast room which is separated from the rest of the range by a one-foot thick
reinforced concrete wall. The dial gage readings were monitored remotely using
mirrors and a telescope. Loading was stopped at 26,700 psi after it was noted
that the deflection -. pressure curve had changed slope.

The deflection measured at the center is plotted on Fig. 106. We
note that the predicted values and the measured values agree quite well, lending
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support to the calculations. The deflection per unit load is plotted as a func-

tion of radius in Fig. 108. A substantial reduction of the deflection curve
with a general flattening in the center due to the increased plate thickness

in this region is observed. The deflection is caused primarily by the outer
edges and the poor constraint 6f the coupling ring. If the coupling ring could

also be stiffened a considerable improvement in the maximum pressure limit would
be obtained.

As with the previous test, no strength (strain gage) measurements
were made. However the yield limit was found in an indirect manner. Figure 111
shows deflection load curves taken for several stations. At - 23,000 psi the

slope changes abruptly. It appears that yielding has occurred at some plate in
the plate and that the increase in load is being taken up only at the expense
of an increase in rate of deflection with load. That is to say part of the plate
is now in the plastic range with a corresponding increase in slope of the strain -

stress relation. This value compares favorably with the predicted yield of
25,900 being - 12% lower than the prediction. No measurable set was noticed
when the pressure was released. However it is expected that a permanent set

would be produced if plastic regions extended significantly, that is, if this

pressure limit (23,000 psi) were exceeded by a significant amount.

It should be clear that the improved top plate can withstand steady

pressures up to 23,000 psi, a limit which comes from strength considerations

rather than O-ring extrusion considerations. Further increase in the pressure
limit could come only by stiffening the coupling ring. However the much stronger
"high pressure top plate" assembly would be more desirable than an improved
coupling ring.

5.1.3 Sacrificial Metal Liners

The pressure generated at the explosive/metal interface, as discussed
in Sec. 2.5.2, is for short times, several orders of magnitude greater than the 1P
yield strength of tne metal of the chamber, hence plastic flow, distortion and
possibly fatigue failure will result. As there are no known materials that can
withstand these stresses, a design predicted on a philosophy of disposable
elements is necessary. Ideally, an inexpensive disposable "sacrificial" liner
that protects the surrounding chamber from damage by containing the plastic flow
is required.

Fortunately, the problem of the propagation of plastic-elastic waves
in solids has been attacked in the very recent past, and some theoretical results

are available. The essence of the plastic-elastic wave propagation problem is as
follows. When a solid experiences at a boundary a normal stress (pressure) greater
than its yield strength a shock wave is propagated into the material. Because the

plastic and elastic waves travel at different velocities, the shock wave bifurcates
into separate plastic and elastic waves. The plastic wave moves at a slightly
slower velocity ( 0.8 Ce) than does the elastic wave which propagates at a
velocity given by 1

Ce ()(5.10)

If the problem is planar and if the driving pressure is maintained, both waves

propagete to infinity. In the case of cylindrical and spherical geometries, the

101



geometric divergence causes a reduction in the stress levels until at some

point the plastic wave vanishes even for steady pressures greater than the
yield stress. If the diving pressure is decreasing with time, relief waves
will. continuously weaken the strength of the plastic wave and limit its
penetration into the solid. For the purposes of protecting the launcher cham-
ber from plastic flowa sacrificial liner having a depth equal to or greater
than the depth of penetration of the plastic wave is required.

Prof. R. C. Tennyson of UTIAS, who is currently working on some
related probiems, studied this problem at our request and was atle to deduce

an empirical general relation from the work of Freidmanet a112O, which pre-
dicts the depth of plastic flow in agwmgi materja]~fonJ.asea where the pressure-

time history is of the form
-a~t

p = pe (5.11)

where
po = n O*y

and n> 1

From his analysis the radial depth of plastic flow rp is given by119

0.151 anRo

r p1 = E Ce (5.12)
0 0.151 an Ro

n1+

Ce

This relation is plocted in Fig. 112.: . if the second term in the denominator
is smaller than the first, i.e., n > C/0.151 a R0 , taen (5.12) becomes

1 + 0.151 a R0

=R (5.13)

r1 =R0 0.151 a Ro

C

or in terms of the depth of penetrationhdpl

5= R e (1rp=R 1  0.151 aRo  (5.1)

The depth of penetration of plastic flow is directly proportionately to the

sound speed of the liner material and inversely proportional to the time constant
of the unloading rate, which is in turn related inversely to the explosive thick-
ness, and the initial gas pressure. Low sound speed liner materials, i.e., low

elastic modulus and high density, thin explosive layers, and low gas initial
pressures are desirable. The difficulty in applying qs. 5.12 through 5.14 is
that of fitting a "reasonable" exponential to the t-2/P time decay of the pressure
at the explosive metal interface, since the time constant a is continuously
variable for a t-2/3 decay. The problem of generalizing the analysis to include
different loading profiles is presently being considered by Prof. Tennyson.
However, no additional results are av&ilable at this time.
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Unfortunately, very little experimental data exists on dynamic plastic
flow penetration in general and none for cases which would be applicable to the
present problem. Several exploratory runs were made in the lD ahamber . in
an attempt to estimate the thickness of liner required to protect the hemispherical
chamber. Lead discs 0.040 in. thick were placed between nominal 1-2 gram
layers of PETN and the face of the explosive cups. A close inspection of the
surface of the explosive cup after the explosive had detonated for a 100 psia
run showed that plastic flow penetrated through the shims in tests where one or
two shims were used but that it would not penetrate through three shims. In
other words, the depth of plastic flow in lead for this loading ( p = 0.588 gm/cc
d 0 0.1 in., Pi = 100 psia) was between 0.080 in. and 0.120 in. As a rough rule
of thumb, at this packing density, for a given thickness of explosive, an equal
thickness of lead should be used for each 100 psi of initial presswe. For
example, for a 0.1 inch liner of PETN at an initial pressure of 150 psi, would
require a 0.150 in. or - 3/16 in. lead liner to protect the chamber from damage
by plastic flow. How far this rule of thumb can be extrapolated cannot be
determined from the limited data presently available.

To utilize commercially available materials, lead liners of 1/16,
1/8 and 3/16 of an inch were made, and have worked satisfactorily in service.
After numerous explosive driven runs, the present wall surface indicates no
damage except for very localized ( 1/16" dia.) deformations. It is hypothesized
that these are the results of shock wave interaction and reinforcements that
occur when a void of this dimension is lft in the explosive liner, as the
dimensions are of the same order as the cell size in the open core foam matrix
used as a structure for the explosive. From a long term point of view, either

the explosive liner manufacturing tolerance will have to be tightened to pre-
clude the voids or the sacrificial liner thickmess will have to be increased to
protect against the localized higher pressures.

5.1.4 Launcher Laboratory and Instrumentation 1

An elevation view of the UTIAS Hypervelocity Launcher Facility is
shown in Fig. 113. The implosion driven launch'er is located in a blast room
which is separated from the rest of the range by a 12 in. thick reinforced
concrete wall. The remainder of the walls of the room are of the "blow out"
type and are designed to blow out at a small pressure differential and prevent
any buildup of pressure. Access to the blast room is through two-2.0 in. thick
steel doors. Gases are stored in high pressure bottles behind a protective
shield in this room.

The range is located in a high bay area, 80 ft. long and is com-
posed of a blast chamber, three range sections and an impact section. The
present blast chamber which is 2.0 ft. dia, by 6.0 ft. long and has a volume
of 18.8 cu. ft.serves to contain the bulk of the expended driving gases. At
present, it is connected directly to the rest of the range. Future plans call
for increabing the volume of the chamber and providing a quick-acting shut-off
valve to isolate the rest of the range and trap most of the driving gases.
The range proper consists of three sections which can be isolated from one
another by thin plastic diaphragms and evacuated to different pressures. The
gases simulating the atmosphere under investigation can be set independently
in each section to allow several different experiments to be performed during
a single run. Section 1, which is 2.0 ft. in diameter by 15.0 ft. long, has
twelve 8.0 in.dia. windows arranged four to a station. Recently, two
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additional sections 3.0 ft. dia. by 18.0 ft. long have been added to extend the
capability of the range. They contain 16 observation ports each, arranged in
sets of tour per station. An impact section cintaining instrumentation for
impact work is currently in the planning stage.

Views of the range are shown in Fig. I14 and 115. The projectiles
that are accelerated in the launcher, are released in the blast chamber, which
serves to contain most of the driving gases and the resulting explosive pro-
ducts. The velocity and orientation of the projectile is measured during its
traverse of Section 1 by three light screen velocity detectors and three spark
shadowgraph-schlieren systems. Sections 2 and 3 have not been used to date and
a temporary impact station has been installed between Sections 1 and 2.

The velocity measuring system which was originally in the range was
a photomultiplier-light screen type. The system was apparently designed for
large models having low velocities, as the 0.22 in. one caliber projectiles could
not be detected at velocities greater than - 9000 fps. The present velocity
system which was purchased to replace the old one was designed and manufactured
by the Aerophysics Branch of Computing Devices of Canada, Ltd.* It is also of
the light-screen-photomultiplier type, but has the capability of measuring 1/32

in. dia. particles up to velocities of 30,000 fps and 0.22 in. dia. projectiles
at velocities well in excess of any contemplated for this facility at this time.
The units produce a 6.0 volt pulse with a 20 nano-second rise time and a 100
psec. duration. A 40 millisec. one shot feature is incorporated in the circuit
and precludes spurious signals from sabot, debris, wake etc. The system has
been in operation over one year and has performed admirably. The only main-
tainance required is the occasional changing of a battery and routine cleaning
of the associated range windows with each run.

The range also has three in-house designed and built shadowgraph-
schlieren systems which are located in the first range section. They have a
field of view of 6.o in. dia. and a spark light source with an effective pulse
width of 200 nanosec. They have been used to date primarily for verifying
projectile integrity and orientation and occasionally for flow field studies.

Range Control Center

Adjacent to the blast room and the range, in a room which has 12-in.
concrete block walls, sand filled and reinforced with rods, is a "human-
engineered" range control center. The entire operation of the range with the
exception of explosive loading and special instrumentation can 'be controlled
from this one location. A view of the control room is shown in Fig. 116.
Controls on the center and right panels are for the vacuum pumps and valves
for evacuating the range sections which may be controlled jointly or separately
and pressure instrumentation for monitoring the pressures. Provision is also
made for metering air or other gases into the sections, also jointly or
separately. On the left panels are the controls for evacuating and loading
gases into either the one-dimensional chamber or the hemispherical launcher
chambei.

A schematic of the system is shown in Fig. 117. The gas cylinders
(hydrogen, oxygen and helium) are located behind a protective panel in the

driver room. Solenoid-operated fail safe shut-off valves are provided between

* Computing Devices of Canada Ltd., Ottawa 4, Ontario.
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the hydrogen and oxygen regulators and their respective high-pressure lines to
allow these gases to be shut off in case of an emergency. The high-pressure
lines are routed overhead to a mixing manifold. At the mixing manifold each
gas line is connected to the main manifold through two-solenoid operated valves,
a coarse valve that has a 1/32 in. orifice that permits high flow rates for

flushing and large volume flows, and a fine valve that is connected in series
with a metering valve, that allows fine adjustments. The mixing manifold
assembly can be seen in the background. of Figs. 101 and 102.

By adjusting the metering valve, extremely low flow rates can be

obtained. By operating the remote switches for these solenoid valves the
pressures in the chamber can be set with an accuracy equal to a hand operated

valve. Keeping high pressure manifolds out of the control room is the prime

advantage of this system. However, valve life is essentially unlimited since

the valves are opened and closed with the same force and over-tightening and

subsequent leakage inherent in hand-operated valves is eliminated. This
source of wear can be an irritating maintainance problem particularly when many
different pepple are allowed to operate the system, each with his own "feel"
as to how tight a valve must be turned off to prevent leaking. Ignition
voltage and firing controls are located in the center panel. A system of
interlocks is incorporated into the system and provides essentially "fool proof"
operation, i.e., certain otherwise hazardous functions are rendered in-
operative unless conditions which are safe for their operation are satisfied.
For example: valMes connecting vacuum gages to the manifold cannot be opened
unless a pressure of one atmosphere or less exists in themanifold, metering
valves are. inoperative until vacuum gages have been iLolated, etc. Further
the launcher cannot be fired unless all valves, switches, door interlocks etc.
are in the "safe" position.

Because of the human engineering that went into the design of the

control panel, new operators can learn how to operate the entire range in a

very short time. The layout of the graphic flow diagram plus the associated
signal lights greatly simplifies training. Another factor that facilitates
operator training is the system of safety interlocks. Since a new operator
does not have to worrj about damaging the apparatus by accidently pushing the
wrong button, he can concentrate fully on learning the operation of the system.

1 I
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5.2 The 9Explosive-Liner Peacje

The high_ degree of symmetry, 'inch is required -;o dbtain the_
highi pressures and tecneratures 0n i=!,osiom., can be attaimed on"lyi if the zoler-
a -es ou the exnl~posive packae strixngently aIntained - Variations in explo-

siver tcns or h xClsv iii~ o e dsetachdl didwnte s=tceed;:

ins~ bu rtzrbmth dimicate the sa runsc falls nrmavl as ton-es woldaet
derdced-Yo D eak le lrs using atlast one der -nton drvg, de grease ihn ther
frmrs stegt ofmr thiaph~ n short-en d the-_db quain fo=i rsurce

-qpe pa of the explosiv er cn ot bece ov erstesed e

fLead liners of a thickness necessary to contain the piastic
flowa, -were fabricated by a local manufacturer *rom_ sheet lead Usingf sop n'irg
techniques. As a sing-ve mp-le mandril was used for all sizes, some fima:- fittin

and timing was necessary to match the contour of the existing c~e- Th
liners were washed ir solvent to remove tht oil used in the sDnJ "-';ng oneration

and four pDreviously prepared orange peel segneets of ouen core foan nlastac
were cemented in iece in eacni. The plastic ,,as t.rimed at the edge ar- set
aside to d-y. The liner and irlastic catrix w-ms ielghed using a chmical balanrce
an accuza-y of ± 1.0 cmg. The t-FORT which was -greviously prepared in a slurry

wihapproximately 50 mercent wae-was imoured into the shell and fwrced into
the pores of trie Diast: 'c using a- rubber snatula. Care was ttaken to see that

allt the Dores were filled in order to revent local high pressures wahich pene-
trate the liner. Final touches to bring the thickness even vizin the top Of

* The assemblies were placed in a warm air draft to dry. Tedrying cycle
takes seveial hours for a 100 gram liner. The dryness of the 1ETIN can beI determined from the color and textuz-e of the surface by experienve. Good
resualts require that the liner be completely dry before using or the mea-
sured .;eight will be incorrect. After the drying cycle, the assemblies were
weig:1ed Pgain to determiae the weight of the dry METN. Tne assemblies were

* then stored for later use. As the k'TII is dry, it is more sensitive to initia-
tion and crumbling, hence handling consistant with a delicate device and ex-
plosive materials is required. The lead liners, particularly the 1/16 in. ones,
are easy to deform and require Light handlinj ,.

A view of a mock-up showing the steps taken in the manufacture
of the explosive packag- is shown in Fig. 118. Section 1 shows the lead liner
prior to the loading of the explosive. Sections 2 and 3 show the application
of the open core foam plastic matrix, which is used to provide strength for tile
explosive and as a gage for thickness. Section hI shows the PETN after it has
been dried.

To use for a rxi, the zonpleted package need only be placed in
the chambei and seated securely agsinst the chamber wall. A thin coatirg of
releasing agent has been found I Ipful in the aszs bly of the explosive package
in the chamber and also facilitates the r-emoval of the liner after a run. In

-~Scott Paper Company, Chcater, Pennsylvania, U.S.A.
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zbe ebsece aC t-ae releasicS agenzt, the lead a~e-res to t:-e chmer n
exazle of the rezain of a I -ackage after a rz is fshrm in Fig. 122.

sh1 Mlted lead which cciae in the bcmto of t2he chamber durirg the
r~is a result. of tThe heat tramsfer fro tkhe bat gases zo the 'liner.. It is

felt that tte wze1ig o¢rs latte- in the cycle and does not ce==Oase the
sehricity of the chsxber dnig the tixe the p-o=ectie is in the barrel.

6. FUN'iJ WEE

:1t shocild he amae-nte frmi the precedig secccionz thst many
of the --estions amn =rcblse that esisted at the 1-mrce-tion ef the presen" -ork
suzh as the explcsive iniztition Mr len a the Physics of the imirosion in a
spere, have =arve-en adered. it shoual also Be clear that other prolelz
have ee-r- uncoered, beich cst be solved for a coaplete rzniers-tandig of the

innosin dive ~ w~hr, nd f he devi.ce is to be coc~aletbely successfuil.

in this section, thes-=e probleas wil-I be enmerated a:A auggestions ad as to
their _ ossible solution.

61 Prcble Areas in _' Present Work and Sgsested Zxtensions

Te key technical orcble, at this point is projectile ite- t

grity. if projectiles -that can -dithstand ih-_ very high and repeated accelers-
tions that are ner ent. in the i-plosion driving concept cann&t be found, then i
this techriq_- is n&., pract-Lcai. This would be cost unmrortunate since high

perfor ance is inherent in the de-ice pro-ded the projectiles can -ithstand
-h accele-ations. At present, the mod -a=ozg workers in this field is essi-
mistic. Hcvever, it is i-ortant to note that up to the present, relatively
little seri.s work has been done on this problem, which affects la!1 lznhers, ,
this Da_-ticular one more so than the others. Work has begm at this laboratory',
on this specific problem. It is suggested that the research should first de-

fine the actual mode of failure, as so far, no clear-cut evidence exists as
to just how the projectile fails. After determining the ffailure mode, effort

can be applied logically to prevent failure, if possible, through rational
projectile design,materials selection or imrovemnt of the properties of I
materials.

Anotner very important area of study, is one of losses. The
hot gas in contact with the wall gives rise to a convective heat loss. This
is true not only during the cycling of the shocks in the chamber but also for
the1as that is diriving the projectile in the barrel. The high temperatures
near the origin also generate a high radiative heat loss, which while being
partially blocked by the gas behind the shock, has essentially a transparent
gas ahead of it and a nearly "black" cold sink at the wall. The radiative flux
is not only a loss mechanism but can also preheat the unshocked gas and signi-
ficantly alter the shock conditions. The problem of radiative coupled flows
is difficult in itself. The additional complication of hemispherical symmetry
and imploding shocks would make this a first rate analytical and experimental
research problem. Experimentally, the temperature at the shock front, and
radiative fluxes could be determined using spectroscopic techniques or total
flux measuring gages.129 ,130 . If the loss rates are high enough, the surface
of the chamber, the nozzle entrance, and the barrel will ablate, significant

amounts of dense material into the flow thereby lowing the performance. Studies

of allthese aspects are essential in order to obtain realistic results for com-
parison with experiment.
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As nentioned in Sec. 3, to ootain a ce-plete performance pro-
- reui"ed a n ber of questionable assurptions, for exaople the assumption

that the pressures at the projectile are related to the pressures at the origin
of the sphere at the sa=e instant of time. To =eke the next step, i.e., to
account for the shocks and ecpansions that are propagating up and down the ,

ba-rrel, requires a finite-difference calculation such as was done by Seigelo.
aven Seigel's program, which is one of the most recent does not account for
projectile friction, nor radiative or coinective losses. While this program
is presently being adapted to the geometry of the implosion driver and an
opticization of the launcher is being done by Sevray u, from a long range point
of view the extensicn of this program to include both laminar and turbulent gas
friction, projectile friction, and convective and radiative losses, should be
done. Considering that it has taken nearly a decade to advance this far in
the state of the art of rerfor-ance predictions of hypervelocity launchers, these

last effects are not going to be incorporated in a short period of time, but
cmst be done if accurate merforcance predictions are ever to be obtained.

There are several well-defined analytical problems. The
solution, either nuerical or analytical of the special case of an explosion
with initial conditions

P = PO
p = 0 r (6.1)

6O-/2
u =

which corresponds approximately to the reflection of an implosion, would shed

considerable light on a phase which is not well in hand at present. Also an
analytic solution of the classical implosion problem might allow further use
of the resulting relations if they were sufficiently simple. An analytic solu-

tion wculd also yield 6 as a function of y , which is known only numerically to

date.

The problem of an "implosion in a sphere" as attempted in this
work, could be refined. While a "self-similar" solution, in the usual sense,
does not appear likely, a solution that gives a plane-like character initially
and then approaches a form resembling the classical implosion at later stages
aud explains some of the present anomalies would be very useful.

Finally, it is important to note that the absolute stability
of the implosion wave has not been proven in the present work. However, it
can be concluded that if the improsions , are unstable, the rate of divergence

is sufficiently low that complete luss of symmetry does not occur in the dis-
tances of the present experiments. A proper analysis of the stability of an
imploding shock, which is very much a part of the launcher concept is a task

that will require much physical insight and mathematical skill.

6.2 Extension to Larg er or Faster Facilities

Presently under study is the feasibility of a launcher for
accelerating a 1.0 in. dia., one-caliber projectile to 50,000 fps. Initial

estimates are based on a projectile density of 1 g/cc, a~though projectiles of
this density,capable of withstanding pressures in the 10 psi range,have as yet

not been produced. Initial estimates suggested a chamber size of 30 in. dia.
However, it appears that much smaller chambers may be better suited to the task.
A study model of a 30 in. I.D. launcher is shown in Fig. 120.

108



Using the present performance model an estimated performance
plot for this type of launcher is shown in Fig. 121. .It shoLd be kept in mind
that at present only half the estimated velocity has been attained in practice.
The figure shows that 1.5 x 104 Kcals ( - 10 kg of PETN) would be required to
attain 50,000 fps. Preliminary calculations indicate that a chamber can be
made to contain this amount of explosive in safety. A smaller chamber would
decrease the amount of explosive needed and improve the strength to size ratio
of the device. These figures which are included only to indicate what per-
formance may be expected from this type of launcher should be considered pre-
liminary as detailed performance estimates must await the improvement of the
present performance predictions and an optimization of the entire launch cycle.

7. CONCLUSIONS

Several key technical problems of the implosion driven launcher
project have been successfully solved in the present work, among them the
generation of stable,centered implosions by detonativg, safe, secondary ex-
plosives initiated by gaseous detonation waves. A fuller understanding of the
processes that occur inside the implosion chambei has also been obtained.
Unfortunately the last obstacle, projectile integrity, has not been overcome
as yet although several distinct possibilities exist that may offer a success-
ful solution.

The explosive initiation studies-conducted in the one-

dimensional chamber have demonstrated that there are several explosives or
explosive combinations that will initiate when subjected to a detonation wave
in a gaseous mixture at moderate initial pressures (3 - 15 atm). The delay

time to initiate the detonation for these explosives is also short enough
(< 1O gsec) to be nearly instantaneous for the conditions of this problem
Some of the materials are rejected for safety reasons. Others, PETN and nitro-

cellulose for example, are free from undue hazard. The superfine PETN
formulation that offers the most promise has been successfully manufactured
into thin hemispherical shells and successfully detonated in a hemispherical
cavity. The resulting spherical implosion wave was apparently stable and had
a high degree of symmetry. This is probably the first time an implosion has
been generated in this fashion. The pressure measurements made using copper
witness plates at the origin indicate that the pressures generated were in

substantial agreement with those predicted.

The results of three numerical ±mpl-,Lior experiments have

been analyzed and have given much insight into the physics of implosions.
The striking difference between driven and undriven implosions ha_- been noted
and explained. The physical laws governing the flow behind the reflected im-
plosion have been uncovered, and an approximate physical model made which
accounts for the differences between the classical implosion from infinity and
the implosion in a sphere. In short, the physics of the implosion cycle is
now known although some finer points and the effects of radiation and viscosity
require further study. Such investigations have already been started.

A semi-empirical model of the implosion driven launcher per-
formance has been made. It uses much of the physics of implosions in spheres

but requires some questionable assumptions to bridge gaps in the complete
understanding of the implosion and reflection processes. This model was used
to calculate the performance of the implosion driven launcher.
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Two series of explosive-driven runs have been made; one using
lead azide lners, which were accomplished before the hazard of using this
material was fully appreciated; the other series made use of the superfine
MTN formulation develcped subsequently in the one-dimensional explosive
initiation study. The lead azide runs which iused a barrel with excellent
finish and bore charecteristics, yielded velocities as high as 15,000 fps
for a 0.22 inch one-caliber polyethylene projectile. The projectiles also 6
survved intact, leanch cycles having computed peak accelerations of 5 x 10 g's.
The PETN- runs whica were .donf. in a different barrel configuration with less
favorable finish produced velocities up to 17,650 fps for 0.312 inch one-caliber
polyethylene projectiles. The peak calculated peak g' leadings for these cases
were from 100 t i 500 x 106 g's. The projectiles were generally distorted at
the lower g lo'dings and were fragmented at the.higher loadings. While it is
clear that th, acceleration profile is playing an important role in the break-
up of the prcjectiles it is also clear that the poor bore finish and concen-
tricity are contributing to the failure. Work on improving barrel finish is

currently in progress.

The projectile problem is presently being investigated from
two points of view: a detailed study of the failure modes of the projectile
in anticipation of rational projectile design or materials improvement programs;
methods of tailoring the pressure-time history produced by the implosion to
make it more favorable for projectile survival. Since there is considerable
latitude in the performance of this device, some of this can be sacrificed to
obtain a more favorable acceleration profile.

In all, it can be Concluded That a considerable amount of

progress has been made in the present study in the bringing of the unique
Implosion Driven Launcher concept into practical reality.

'A
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TABLE 4

TABL OF VALUES OF THE INTEGRAL 0(t) FOR 0.5 < 6 < 1-5

0.50 0.6283 1.00 0.4792
0.52 o.6213 1.02 O.4741
0.54 o.6 j245 1.4 o.4691
0.56 0.6078 1.06 O.464o
0.58 0.6o1? 1.o8 o.4591
0.60 0.5946 1.10 0.4.542
0.62 0.5881 1.12 C.4493
o.64 0.5818 1.14 0.4445
0.66 0.5755 1.16 0.4397
0.68 0.5693 1.18 0.4350
0.70 0.5631 1.20 0.4303
0.72 0M5571 1.22 0.4256
0.74 0.5511 1.214 o4210
0.76 0.5452 1.26 o.4.64
0.78 0.5393 1.28 0.4119
0.80 0.5335 1.30 o.L0 74
0.82 0.5278 1.32 0.4029
0.84 0.5222 1.34 0.3985
0.86 0.5166 1.36 o.3941
0.88 0.5111 1.38 0.3898
0.90 0.5056 1.4o 0.3854
0.92 0.5002 1.42 0.381.2
0.94 ).4949 1.44 0.3769
0.96 u.4896 1.46 0.3727
0.98 0.4844 1.48 0.3685

1.50 0.3643
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TABLE 7

VALUES OF INITIAL CONDITIONS AND CHAMBER PARAMETERS OBTAINED FROM BRODE'S

CALCULATIONS AND THE IMPLOSION1 IN A SMERE MODEL

initial Conditions Parameter Brode Implosion in a Sphere

Case 1 Pinbound (psi) 1.25x10 5  1.2x105

100 psia Tinbound (OK) 1.0 x105  1.3xlO5

2H2+02+7He 2 = 1.67 t*(psec) 1.80 1.23

brd = 470 psia p*(psi) 4.3x,0 5  2.2xi05

Tbd = 20000K T*(°K) 3.4xlO5  4.4x10 5

burned = 0.204 cm/vsec timp (sec) 17.3 12.0

Ro = 20 cm texp( SeC) N.A.* 12.3

0.1 inch TNT liner tcyc(psec) N.A. 24.3

r. = 2.0 cm

Case 2 Pburned(psia) 3.5x103  6.4xlo3

1000 psia Tburned (OK) 1.9xl03  3.6x1O3

2H2+02 (real gas) nbound(psia) 2.OxlO5  2.9x105

Ro = 20cm Tibd (OK) 3.0x103  1.4x1O4

r. = 2.0cm t*(psec) 9.3 9.31

0.1 inch COMP B liner p,(psia) .9.8xlO 5  2.0xlO6

T* (°K) 4.Ox1O4  2.5x,05 ,

timp(Isec) 42.5 35.3

t. (psec) N.A. 93.1
imp
tcyc ([isec) N.A. 128.4

Case 3 Pinbound(psi) 4.9xlO3  4.9xl O3

100 psia T inbound(K) 6.6x,03  7.1xlO3

2H2 + 02 7He t*(psec) 2.22 2.44

7 = 1.67 p*(psi) l.Oxl04  9.3x,03

Pburned = 470 psia T(K) .8xl 4  2.5xlO 4

Tburned = 20000K timp (see) 26.7 24 4

aburned = 0.204 cm/Vsec texp (Vsec) 27.6 24.4

R = 3.0 cm t (Vsec) 54.4 48.8
0 'cyc

no explosive

r. = 1.0 cm

N.A.* Not Available.



0*

~ T ' + + +

0 inc M n :
i- 5-i CC -4 Hx x co x x

'0 '0 0 \0

v 0 0 0 0
0 x x CUj x x
k4 t- \0 \ '. CU

02 0

$4 I \0 F4 (
pq + + Ia - +

o t o C)C") 0
2 0 -j- 0 H-

a'C H \J (f

,,CY) CY)

O CP9 4 0\ 2 CUi Xz t
*- . M 0 0

$4 0O* O0

E-1 0 4 r

Ct' () -t _: ~-Imc G 0 0 W 0 0 *r-

r-qa C:- 04t-.E-' H4 H CU
to4  H

0~ 0__ _ 0___ _ 0_

*r4 *r *4

~r'I04~ -



C) ~ 00 X 0

H-IE-4 '- Mn - -. r en

4)1

W :% -11 H r-I i-I - 4 -

< 0% COr-4 ,-I

V

~4 V4 a .400
0~ d) c

0- i4) m

C) 549 > -P r4 04N rI

-'4 )

E-1 H 4-P0 ca.k

0z1 0~ 0 0 Cc
HH- 0

44)
0 x 0\E- -0

r-I
H.

-1

Z H .4-4

E-4 CM 0L
H. :>'

I. 0 -d 0\H
PH CMj CM

0 \10H4 0
0 tof-

r ~ I* 0 @l

5.4 El

0 0 U

0 oo U \0 0 -14 N
H,- 0 *H .d . CdC
x 3 (O t 0y O\ z H

CMj

P4 0 rH CM L 0
O 0000 0



-d 0 V4
V V 41- 4 'r,3 h4 > 4

e s. G 6 1 4) ) 44

OtS CT. t

P 91.kt 4 E r-crg 4 44

c 00 0 0000 00
HH 4 4 q.HH H.-f 4So x x x x xx x x x

4 -
a

I C)

0 0 000 0 0 00 00
01 0C7 0000 000 0

Al -%
"' a 00 01-0 c 0C4 0) L-\ cu 00 0 \

54-' t0 0\ r4
r-4 rQ-4 rH4 H

N r-H CUCV )0 HrJ0

'0 0) cj00

.,I to tlOStc C)G rO

4) oU CU - U

*r4~r 4 *C

CC\()

4) +

a) 4 43 OD

) -P (1) 0
H () -Hb 1

0 ) 14 to;: k): H4 000 x
O ) r-4 4H

0r 4 HP 'o d -H 43
*rq4- P4 En

E-1 1 rxc1 a) 08 004) -7

H CU

u\ICY% '0 _: 4 \0 Lr\ 0 cot-
0 QHOH H0H HHI r- ,A-4r- -4r -4

04 Z ~ (\iJ j C~j W (C~j C\'N C\J C\l m



-,

TABLE 11

CRITICAL VALUES OF -iiPACT ENERGY FOR IMPACT SENSITIVITY TESTS (REF. 72)

EXPLOSIVE PICATII ARSEAL BUMAU OF MIMS

(cal/cm2 ) (cal/cm )

AN- >2.6

CO4P c4 1.2 > 2.6

T1T 0.9 2.6 ,

COUP B 0.77 1.8

50/50 Pentolite 0.77 0.681

50/5o Amatol 0.72 2.3

c 6 0.16
EDNA o.6 1 .0"

Torpex o.48 o.96

Tetryl 0.47 0.61
RDX o.47 0.77
PETN 0.35 0.4

Lead azide 0.29 0.26

Mer .ury fulminate 0.12 0.12F

Diazodinit-phenol 0.12 0.12

Tetrazene 0.12 0.17
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TABLE 13

INITIAL PRESSURE OF 2H2 + 02 TO INITIATE DETONATION IN EXPLOSIVE BY IMPING-
ING GASEOUS DETONATION WAVE

Explosive Initiation Pressure f
(Atmos)

Lead azide Pi < 0.026

Superfine PTN 1.71 < pi < 3.42
Lead azide - IETK mixture Pi < 6.1

Supeifine PETF./No. I Paste* 3.43 < Pi < 10.9

Superfine PETN/No. 2 vaste* pi < 6.8
PETN "powder" 8 2 Pi < 10

PETN pressings (present tests) 6.12 < pi < 8.89

PETN pressings90  - 12.5

Nitrocellulose 11.2 < pi < 11.6

No. 2 paste - 14

No. 1 paste - 15

Blasting gelatin82 10 < Pi

PETN/EL-506 13.6 < pi < 17.0

Tet: acene 12.2 < pi < 18.4

Cast PETN2 15 < pi < 20

Picric acid82 24 < Pi < 30

Tetry182 1<< Pi

Mercury fulminate 6.25 < Pi

Lead azide/heller 6.25 < Pi

Lead azide/EL-506 6.25 < Pi

Nitromannitol 6 .25 < Pi

'Corregated nitrocellulose 12.3 < Pi

aHMX 12.4 < pi

PETN fabric 13.7 < Pi

Superfine PETN/PETN fabric 13.7 < Pi

Heller 18.4 < pi

EL-50690  98. < pi

DINA90  98 < P
Lead azide-polyurethane 20 << pi
* Depends on thickness of top layer



TABLE 14

Measured "Delay" Times For Initiation of Detonations in Explosives

Explosive Density Sample Weight Delay Time Initial Pressure
(g/cc) (grams) (psec) (atmos)

Lead azLde 1.61 11.3 4.0 2.04
1.67 6.3 <1.0 6.05 !
1.67 2.62 <1.0 6.25
1.67 6.1 <1.0 6.22

Nitrocellulose - 3.0 9.0 12.2
4.0 7.2 11.6

ETF 1.0 4.229 7.7 10.9
1.0 4.229 7.0 13.5
1.0 4.229 6.3 12.25

HW' N 0.87 3.69 2.5 18.35

FETN(SF) 0.588 2.25 3.7 6.8
0.588 1.50 12,0 3.41

Tetracene - 5.3 9.5 12.2
- 4.3 6.0 18.4
- 6.1 6.5 18.4

No. 1 PETN Paste/
(SF) PETN 5.0/0.9 4.6 10.9

No. 2 l TN Paste/
(SF) MTN 5.0/0.2 6.5 12.25
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EXPLOSIVE LINER

3A IGNITION PHASE

A GASEOUS DETONATION WAVE PROPAGATES OUTWARD
FROM THE ORIGIN IN A 2H0, - MIXTURE

21 2

3B IMPLOSIOR PHASE I
THE DETONATION WAVE IGNITES THE EXPLOSIVE LINER
WHICH IN TURN GENERATES A STRONG IMPLODING WAVE

3C REFLECTION PHASE

THE IMPLOSION WAVE REFLECTS FROM THE ORIGIN LEAVING A REGION
OF HIGH PRESSURE - HIGH TEMF-RATURE GAS WHICH BURSTS

THE DIAPHRAGM AND ACCELERATES THE PROJECTILE

FIGURE 3 SCHEMATIC OF THE PRINCIPLE OF OPERATION OF THE IMPLOSION DRIVEN
HYPERVELOC ITY LAUNCHER
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TABLE 13
INITIAL P RISSURE OF 2He + 02 TO INITIATE DETG'ATION IN EXYLOSIVE BY IMPING-

ING GASEOUS DETONATION4 WAVE

Explosive Initiation Pressure
(Atmos)

Lead azide P < 0.026

Superfine PETN 1.71 < P. < 3.42

Lead azide - PETN mixture Pi < 6.1

Superfine PETN/No. 1 Paste* 3.43 < p, < 10.9

Superfine PETN/No. 2 paste* Pi < 6.8

PETN "powder"82 pi < 10

FETN pressings (present tests) 6.12 < pi < 8.89

PETN pressings9 0  - 12.5

Nitrocellulose 11.2 < pi < 11.6

No. 2 paste - 14

No. 1 paste - 15

Blasting gelatin82 10 < pi

PETN/EL-506 13.6 < pi < 17.0

Tetracene 12.2 < p, < 18.4

Cast PETN 82 15 < Pi < 20

Picric acid 82 24 < Pi < 30

Tetry182 i<< Pi

Mercury fulminate 6.25 < Pi

Lead azide/Heller 6.25 < Pi

Lead azide/EL-506 6.25 < Pi

Nitromannitol 6.25 < Pi

Corregated nitrocellulose 12.3 < Pi

aflX 12.4 < pi

PETN fabric 13.7 < Pi

Superfine PETN/PETN fabric 13.7 < Pi

Heller 18.4 < pi

EL-5069 0  98. < pi

DINA9 0  98 < pi

Lead azide-polyurethane 20 << pi

* Depends on thickness of top layer
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ii TABLE 14
Measured "Delay" Times For Initiation of Detonations in Eplosives

Explosive Density Sample Weight Delay Time Initial Pressure
(g/cc) (grams) (Psec) (atmos)

Lead azide 1.67 11.3 4.0 2.04
1.67 6.3 <1.0 6.05
1.67 2.62 <1.0 6.25
3.67 6.1 <1.0 6.22

Nitrocelluiose - 3.0 9.0 12.2
]'4.0 7.2 11.6

PETN 1,0 4.229 7.7 10.9
1.0 4.229 7.0 13.5
1.0 4.229 6.3 12.25

PETN 0.87 3.69 2.5 18.35

PETN(SF) 0.588 2.25 3.7 6.8
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FIGURE 39
NORMALIZED TRAJECTORIES AS DETERMINED FROM PEAK PRESSURE
AND PEAK ARTIFICIAL VISCOSITY LOCATIONS OF THE NUMERICAL
EXPERIMENTS AND THE SHOCK FRONT POSITION PREDICTEDBY THE
IMPLOSION IN A SPHERE MODEL
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FIGURE 46

PRESSURE AT A FIXED POINT AS A FUNCTION OF TIME FOR
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FIGURE 50
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FIGURE 53
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FIGURE 69

PHOTOGRAPH OF A FRAGMENTED 5/16 INCH DIAMETER, ONE CALIBER

POLYETHYLENE PROJECTILE AFTER A 209.4 GRAM PETN LAUNCH
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F IGURE 72

PHOTOGRAPH OF A FRAGMENTED 5/16 INCH DIAMETER ONE CALIBER

FIBERGLASS PROJECTILE AT A BULK VELOCITY OF 11100

AFTER A 90.8 GRAM PETN LAUNCH (RUN NO. 218)
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CHARGE ASSEMBLY AND DIMENSIONS FOR THE
STANDARDIZED NOL GAP TEST (REF79)
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VIEW OF THE ONE-DIIIENSIONAL CHAMBER USED FOR THE INVESTIGATION

OF THE INITIATION OF EXPLOSIVES BY GASEOUS DETONATION WAVES
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I

-300 VDC

2.2 2.2 2.2
MEG MEG MEG

~I _.T.oo1 '.01o .oo
M, M FD MFD,

30K TO SCOPE

i i r

PROBES

A. CLASSICAL IONIZATION PROBE CIRCUIT j
KNIGHT AND DUFF (REF 91)

-300 VDC

I 4.7K 4.7K 4.7K

1N39A 1N39A 1N39A

.'001 T.001 .oI
> 200 TO SCOPE

1N39A IN39A 1N39Pj

PROBES

S. IONIZATION PROBE CIRCUIT AS MODIFIED
TO DETECT REFLECTrD WAVES

FIGURE 81 IONIZATION PROBE CIRCUITS



A. RESULT FROM A DEFLAGRATING RUN

P, a 200.5 PSIA 2H2+02

EXPLOSIVE =1.3 GRAMS OF PETN
'CLOTH'

B. RESULT FROM A PARTIAL DETONATING RUN

PI x 201.0 PSIA 2H2+02

EXPLOSIVE PACKAGE = 1.3 GRAIMS PETN 'CLOTH'

WITH A 0LO GRAM PETN TOP LAYER

(ONLY THE TOP LAYER DETONATED)

FIGURE 82
TYPICAL OSCILLOGRAPH RECORDS OF WAVE-.SPEED MEASUREMENTS IJ

THE ONE-DIMENSIONAL CHAMBER OBTAINED USING THE MODIFIED CIRCUIT

TIME CALIBRATION
10 MICROSECONDS PER DIVISION
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WAVE FRONT DIAG.'AM3 FOR 2H2 +02

40 IN THE ONE-DhT,.',,,iAL CHAMBER FOR

SEVERAL VALUES OF INITIAL PRESSURE -

Z4
0

-w

0
0' 20 ,.,.. -1 =,

o" 1.79 KM/SEC

z 10
OSYMBOL RUN INITIAL

NUMBER PRESSURE

0~42 270 PSIA

U.w 40 180 PSIA
0 0 32 90 PSIA

LI.

w

'-10

D

-20 -

-30

0 2 4 6 8 10

DISTANCE x (CENTIMETERS)



FIGURE 84

WAVE FRONT DIAGRAMS FOR LEAD AZ!DE

30 IN THE ONE-DIMENSIONAL CHAMBER FOR
30 -- SEVERAL VALUES OF INITIAL PRESSURE

REFLECTED SHOCK

20 TRAJECTORY FOR
0 NO EXPLOSIVE

ooAI

SYBLNUMBER PRESSURE ' /I

o0 A 170 30 PSIA 48.8

13 67 89 PSIA 9.17
0 58 92 PSIA 4.60 0

z- 10

U.

-20 
Z

-30 _e A

0 2 4 6 8 10
DISTANCE X (CENTIMETERS)
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FIGURE 85

WAVE DIAG.RAMS FOR PETN PRESSINGS
IN THE ONE-DIMENSIONAL CHAMBER FOR

30 SEVERAL VALUES OF INITIAL PRESSURE

W -4.229 GRAMS
DENSITY - 1.0 0/CC

oZ 20 S REFLECTED SHOCK
w ~TRA,'ECTORY FOR

E3 \NO EXPLOSIVE

10 1
0

0zYMO RUN INITIAL E-/PAf SYBOLNUMBER PRESSURE

w
3, 8 160 PSIA 24.2

w

X

-20

0 2 4 6 8 10

DISTANCE X (CENTIMETERS)
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FIGURE 86

WAVE FRONT DIAGRAMS FOR NiTROCELLULOSE
IN THE ONE-DIMENSIONAL CHAMBER FOR

50 - SEVERAL VALUES OF INITIAL PRESSURE

0

~40

S DEFLAGRAT ION
z
00

30

DETONATIONS

~200

w
.iSYMBOL RUN INITIAL E,3/ P

LL.
10 NUMBER PRESSURE

10 114 170.5 PSIA 31.6
0 49 180.0 PSIA 21.8

LL. 121 165.0 PSIA -

0

10SLOPEr 1 z3.06 KM/SEC

ALL 3 CASES

0 2 4 6 10i

DISTANCE X (CENTIMETERS)
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5050 0 FIGURE 87

WAVE FRONT DIAGRAMS FOR SUPERFINE PETN

,D 'e IN THE ONE-DIMENSIONAL CHAMBER FOR
40 SEVERAL VALUES OF INITIAL PRESSURE

30

20 13
0

S DETONATION A

_p 10
z

I-SYMBOL RUN INITIAL Ea/P,w NUMBER PRESSUREI
-A

W 0 0 194 25. 1PSI A
0l 199 ,50.0 PSI A 49.5

A 202 100.O PSIA 37.4

LL

w
-- 10

DD

-2

-20

0 2 4 6 8 10
DIS C X

DITNC CETMEES
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ii

FIGURE 89

OVERDRIVING INCREMENT VERSUS DISTANCE
FOR DETONATION WAVES IN STOICHIOMETRIC

OXYGEN - HYDROGEN (REF 94)

tL

00

, Pi- 0.5 MM HG
D - 2.786 KM/SEC
XIND 2.5 METERS

Pin 0.2 MM H

z D - 2.693 KM/SEC

X 5.0 METERS
z IND

0

10
- 1

101 102

DISIANCE X - XIND (METERS)
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10

9

8 FIGURE 92

7DEPTH OF INITIATION VERSUSi SHOCK PRESSURE FOR PETN (REF 96)

6\

4 0.15 INCHES

z

..0

2
O 3

0-P0

1

1 2 3 4 5 6 7 8 9 10
PETN SHOCK PRESSURE (KILOBARS)

4k
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FIGURE 96
- MEASURED DELAY TIMES FOR INITIATION OF

DETONATION VERSUS INITIAL PRESSURE

1OF 2H2+0 2  SYMBOL EXPLOSIVE

a NITROCELLULOSE

LEAD AZIDE
A TETRAZENE0 SUPERFINE PETN
0 PETN Pl.o0 G/CC
v PETN P-0.87G/CC

U• PETN PASTE/PETN (SF)

0 -

00

V

II I I
01 1

INITIAL PRESSURE (ATMOSPHERES)Ii 
K



A. MARKINGS LEFT BY DETONATING PETN PRESSINGS AT AN

INITIAL GAS PRESSURE OF 160 PSIA OF 2H 2+02. GROOVES

ARE THOUGHT TO BE LOCI OF COLLIDING DETONATION WAVES

IN THE EXPLOSIVE.

B. MARK INGS LEFT BY DETONAT ING SUPERF INE PETN AT AN

INITIAL GAS PRESSURE OF 50 PSlA OF 2H 2+ 0O2. HOMOGENEOUS

CHARACTER OF DAMAGE INDICATES NEARLY SIMULTANEOUS

INITIATION OF THE EXPLOSIVE.

FIGURE 97

MIARKINGS LEFT ON WITNESS CUPS BY DETONATING EXPLOSIVES



FIGURE 98
DETONATION PRESSURE VERSUS PACKING DENSITY

FOR SEVERAL EXPLOSIVES (REF 71)

i/
_ 0

COMPBA AZID E

00

105 113
PETN - - TNT

wC,)
- /0

1013

0-

0

10DNI i( i C I IIER)
10-11 101

DENSITY p (GRAMS/CUBIC CENTIMETER)



I !I

I

Itt

. , : .;..-. FIGURE 99 IMPRINTS LEFT IN COPPER
WITNESS BLOCKS OF IMPLOSION RUNS.

ABOVE LEFT. IMPRINT LEFT BY 86.5 GRAM
--A PETN - 200 PSIA STOICHIOMETRIC OXYGEN -
,\<..: HYDROGEN RUN. THE SUBSTANTIAL DEPRESSION

IN THE CENTER IS CAUSED BY THE HIGH
.-~ PRESSURES GENERATED BY THE IMPLOSION.

,ABOVE. SIDE VIEW OF THE PEIN RUN.
THE ENTIRE WITNESS BLOC' HAS YIELDED.

LEF). IMPRINT LEFT BY A 500 PSIA

STOICHIOHETRIC OXYGEN - HYDROGEN RUN.

THE DEPRESSION IN THE CENTER IS DUE TO

THE FOCUSSED IMPLODING SHOCK WAVE.

1I



10 6

EXPLOSIVE DRIVEN CASE
REFLECTED WAVE
INCIDENT WAVE\ V

5 10

Q,)

-u

_: 4
CL 10

GAS CASE
REFLECTED WAVE
INCIDENT WAVE

* GAS CASE

* EXP CASE

11 101 102

RADIUS (CENTIMETERS)

FIGURE 100

THEORETICAL PEAK PRESSURES VERSUS RADIUS FOR IMPLODING AND
REFLEC* TED WAVES USING THE IMPLOSION IN A SPHERE MODEL AND
THE EXTENT OF THE YIELDED REGIONS FROM THE COPPER WITNESS

BLOCKS
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F I GURE 101

VIEW OF THE IMPLOSION DRIVEN LAUNCHER IN THE FIRING POSITION
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A. EROSION FROM SEVERAL CONSTANT VOLUME COMBUSTION RUNS4
(V =3000-5000 FT/SEC)

B. EROSION FROM A SINGLE GASEOUS DETONATION RUN USING 500

PSIA OF STOICHIOMETRIC OXYGEN -HYDROGEN (V 7 750 FT/SEC)

it
All

C. EROSION FROM A SINGLE EXPLOSIVE DRIVEN RUN USING 81 GRAMS

OF PETN CV =17,650 FT/SEC)

FIGURE 103 EXAMPLES OF BARREL EROSION
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'XI

8 EXISTING TOP PLATE DESIGN AS MODIFIED
BY THE ADDITION OF 24 SET SCRE14S

ffI

,a

C IMPROVED TOP PLATE USING EXISTING NUT

A PROPOSD HIGH PRESSURE TOP PLATE
OB XSIGN PRESSURE LIIT 100,000 PSIA

FIGURE 107 TOP PLATES USED IN THIS STUDY

AND THE PROPOSED HIGH PRSSURE TOP PLATE
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A ORIGINAL O-RING DESIGN.NO LOAD CONDITION

B ORIGINAL O-RING DESIGN. LOADED CONDITION

(EXTRUDES AND FAILS)

C PRESENT O-RING DESIGN. NO LOAD CONDITION

* 777777777/77777

D PRESENT O-RING DESIGN-LOADED CONDITION
BACK-UP RING PREVENTS EXTRUSION

FIGURE 109

O-RING EXTRUSION CHARACTERISTICS AND
AN EXTRUSION RESISTANT DESIGN
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0

FIGURE III

DEFLECTION - OAD CUtVES FOR SEVERAL STATIONS / -
FOI THE i31PROVED TOP PLATE //

o' A

70 0'/

o/
60

S50o

/z /
R a 0.00 INCHES A

ar
o 0 R a 3.70INHS -a4

30 0

2" R 6.60 INCHES

2 0 -

£ 5 10 15 20 25

PRESSURE P (KPSIA)
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FIGURE 114

VIEW OF THE RAi:GE SHOWING RANGE SECTION 1 AND THE BLAST CHAMBER
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FIGURE 118 FULL VIEW OF A MOCK-UP SHOWING THE

STEPS TAKEN IN THE MANUFACTURE OF THE EXPLOSIVE

LINER PACKAGE

1 SACRIFICIAL LEAD LINER

2 THIN COAT OF CEMENT

3 OPEN CORE FOAM PLASTIC MATRIX

S PETN SLURRY FORCED INTO PLASTIC MATRIX
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FIGURE 119
FULL VIEW OF THE REMAINS OF A 0.1 INCH LEAD

LINER AFTER A NOMINAL 80 GRAM PETN RUN
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-- , FIGURE 121

PREDICTED PERFOR14ANCE FOR 30 INCH INSIDE DIAMETER IMPLOSION DRIVER

1.0 INCH DIAMETER ONE CALIBER PROJECTILE

DENSIlY ,1.0 G/CC 1

101
I~20 FOOT BARREL

10 FOOT BARREL

1010 /
10 10 OO 10ARRE

PROJECTILE VELOCITY V PRJ(FEET PER SECOND)
LU n


